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 Figure 1-1 Schematic (a) of the surface plasmon phenomenon showing the  
interaction of light with the free electrons of the particle. This creates a coherent  





Figure 1-2 Representation of the electron distribution before (a) , during (b) , and 
after (c) thermalization. Before laser excitation (a) the system occupies levels 
below the Fermi energy. When the system is excited, the energy causes a non-
thermal distribution above the Fermi energy. The system then begins to quickly 
thermalize via electron-electron, electron-phonon, and phonon-phonon 
interactions. The system then relaxes down to the initial distribution 
29 
 
Figure 1-3 Data from Perner et al (a) showing oscillations detected in the plasmon 
of silver nanorods in a glass matrix. Low level oscillations are clearly observable. 
The oscillations from silver nanoparticle arrays (b) show very similar behavior 




Figure 2-1 30 µm X 30 µm AFM image of polystyrene spheres on coverslip  






Figure 2-2 AFM image of 4µm X 4 µm area of nanolithographically prepared gold 





Figure 2-3- Steady-state absorption spectra of 50 nm thin film (---), and  Au array 
nanoparticles (⎯)  taken on glass coverslip, in transmission geometry. The 




Figure 2-4- Electron cooling dynamics of Au nanoparticle arrays as a function of  
pump power. As pump power is increased, it becomes more and more difficult to  
effectively dissipate the heat of the particles. Note that the decay does not  
completely decay to zero amplitude due to the very long component. 
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Figure 2-5 Electron cooling dynamics of 50 nm Au thin film  as a function of  
pump power. The times are relatively short because of  increased efficiency of heat 
transport through the film as opposed to the isolation of the array particles. 
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Figure 2-6 Dynamics of gold nanodots in aqueous media. Note the presence of the  




Figure 2-7  Plot of relaxation time vs electronic temperature for the arrays,  
film, and nanodots. Note the difference in line slope which is indicative of the  
effect of the increased temperature on the electron-phonon relaxation time and the  




Figure 3-1 UV/Vis absorption spectrum of silver nanoparticle arrays prepared via  





Figure 3-2 Decay dynamics of silver arrays pumped at 400nm and probed at 650  
nm. Oscillation can be seen to decay in ~50 ps and intensity varies with power.  
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Figure 3-3 Decay dynamics of gold arrays pumped at 400nm and probed at 575  
nm. Oscillation can be seen to decay in <50 ps and intensity varies with power.    
Decay of oscillation is much faster than in silver due to the inherently faster  
cooling dynamics of gold particles 
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 Figure 4-1: (A) UV-vis absorption spectra of a colloidal gold nanorod solution 
with an aspect ratio of 2.9 (dashed line) and gold arrays of truncated tetrahedra 
produced by nanosphere lithography in air (dotted line) and after immersing them 
in water (solid line). (B) AFM image of 4 µm x 4 µm area of nanolithographically 
prepared gold particle arrays. Particles are 50 nm in height and approximately 90 





Figure 4-2: (A) Pump power dependence of the bleaching of the longitudinal 
surface plasmon band of colloidal gold nanorods observed at 700 nm after 
excitation with 400 nm femtosecond laser pulses. (B) Plot of the fast relaxation 




Figure 4-3: Plasmon band bleach dynamics of gold arrays observed at 650 nm after 




Figure 4-4 Dynamics of Au arrays in different solvents. Dramatic increase in  
phonon-phonon component is seen as the availability of lone pair electrons to  




 Figure 5-1 Comparison of platinum modified, unmodified, and different time  





Figure 5-2 Schematic representation of standard PEM fuel cell 
 
118 
Figure 5-3 Power comparison of both regular and rhodium modified membranes  












Figure 5-6 Dependence of peak power on mole fraction of the platinum and  
palladium initial salts used for the synthesis of the nanoparticles. 
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Figure 5-7   Power dependence of platinum (a) and palladium (b) catalyst  




Figure 6-1. TEM images of (a) TO Pt/Al2O3, synthesized with a concentration ratio 
of 1:5 platinum complex to polyacrylate following impregnation on alumina, (b)  
enlargement of TO Pt/Al2O3. 
52
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Figure 6-2. Propane concentration for temperature-dependant propene  
hydrogenation over TO Pt/Al2O3 catalyst as a function of reaction time: (a) at  
30oC, (b) at 40 oC, (c) at 50 oC, (d) at 60 oC, and (e) at 70 oC. 
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Figure 6-3. Slope of propane concentration for temperature-dependant propene  
hydrogenation over TO Pt/Al2O3 catalyst as a function of reaction time: (a) at  









Figure 6-5. FT-IR spectra of (a) polyacrylate, (b) alumina, (c) as-synthesized TO 
Pt/Al2O3, (d) heated (c) sample at 210 oC for 2 h under flowing argon and 
evacuated at same temperature for 10 min., (e) thermally treated (c) sample at 
same conditions as (d) sample except at 310 oC, (f) thermally oxidized (c) sample 
at 310 oC for 2 h. 
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Figure 6-6. Effect of catalyst pretreatment on catalytic activity (indicated at 30 oC 
for 4 min.) over TO Pt/Al2O3; (a) as-synthesized TO Pt/Al2O3, (b) heated (a) 
sample at 210 oC for 2 h under flowing argon and evacuated at same temperature 
for 10 min., (c) thermally treated (a) sample at same conditions as (b) sample 
except at 310 oC, (d) thermally oxidized (c) sample at 310 oC for 2 h. 
157 
Figure 7-1. TEM images of (a) Pt nanoparticles synthesized in the presence of 
Al2O3 and polyacrylate with a concentration ratio of 1:% Pt to polyacrylate. (b) Pt 
nanoparticles extracted from (a) using 20 wt % HF solution, and (c) Pt particles 
extracted from sample, prepared by impregnation of (a) with Pt Particle solution 





Figure 7-2. FT-IR spectra of (a) polyacrylate, (b) alumina, (c) mixture of 
polyacrylate and alumina, (d) as-synthesized Pt/Al2O3 with polyacrylate, (e) 





Figure 7-3. Mass spectrum of propene hydrogenation over Pt/Al2O3 catalyst (a) 





Figure 7-4. Propane concentration for temperature-dependent propene 
hydrogenation over Pt/Al2O3 catalyst as a function of reaction over time: (a) at 30 





Figure 7-5. Slope, of propane concentration for temperature-dependent propene 
hydrogenation over Pt/Al2O3 catalyst as a function of reaction time: (a) at 30 oC, 




Figure 7-6. Arrhenius plots of the natural logarithm of rate constant vs 1/T for 








Using a variety of techniques including femtosecond transient absorption spectroscopy, 
optical absorption, atomic force microscopy, the hot electron cooling dynamics of 
lithographically prepared gold nanoarrays, the effect of the surrounding environment, and 
the phonon oscillations of gold and silver nano-arrays were investigated. The cooling 
dynamics of gold nanoarrays on a glass substrate were found to be different from those of 
either colloidal nanodots in colloidal solution or films on glass substrate. The electron-
phonon component of the electronic relaxation in the arrays was found to be longer than 
that in the dots or the films. The spatially isolated nanoarray particles experience a 
significantly different environment than the gold nanodots in solution, thus the long 
phonon-phonon component resulting from the coupling of  particles to the medium, is not 
observed. This also limits the energy dissipation pathways of the electrons in the array 
particles and leads to higher electronic temperatures and longer electron-phonon 
relaxation times. The excitation and high electronic temperatures also lead to impulsive 
excitation of the particle lattice. The hot electrons couple to the lattice phonons and lead 
to an expansion and contraction of the particle volume. This causes a change in the 
surface electron density and therefore a shift in the surface plasmon absorption band. As 
the volume of the particle oscillates, the surface plasmon band shifts to the red and to the 
blue leading to an oscillation on the picosecond transient negative absorption (bleach) 
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signal during its decay following its femtosecond pulsed excitation. Both the gold and 
silver nanoarrays were found to have phonon oscillations present that were very similar 
to the impulse oscillations seen in particles embedded in a glass matrix.  
  The catalytic effectiveness of platinum nanoparticles for the hydrogenation of 
propene was investigated. The system with platinum particles was found to have a 
slightly lower activation energy than other systems in the literature. The effect of 
encapsulating the platinum particles in alumina was also investigated and it was found 
that the activation energy for the reaction was even lower. This is due to the protective 
environment provided by the alumina and the interaction of the alumina matrix with the 
particles.  
 The effect of adding platinum, palladium, and rhodium particles to the proton 
exchange membrane of polymer electrolyte fuel cells, on the output power of the cells 
was also investigated. The effects of pH and precursor salt concentration, and particle 
composition were also investigated. The addition of the catalytic particles increased the 







This chapter is aimed at giving background materials needed for the different studies 
described in the following chapters. Thus Section 1 gives background material to the 
work described in Chapter II. Section 2 and 3 present the necessary background material 
concerning the studies covered in Chapters III and IV. The background for the studies 
detailed in Chapters V and VI are given in Section 4a. Finally, the background for 
Chapter VII is given in detail in Section 4b. At the end of each section below, the topic of 
study or the reason for each study is given.  
1. Optical Properties of Noble Metal Nanoparticles 
The unique optical properties of metal nanoparticles can be observed in relics from Rome 
and China. In fact, the vibrant wine-red color associated with the stained glass of many 
cathedrals throughout Europe is the result of a process that embedded gold nanoparticles 
in the glass. This color is a product of the unique properties associated with the 
decreasing size of the particles as compared to those of the bulk metal. Faraday[1] was 
the first to recognize in the 1800s, that the color of gold sols was derived from particles 
of gold in the solution.  
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As previously mentioned, the intense color of noble metal colloids has aroused interest 
since Faraday explored its nature[1]  Mie, using Maxwell’s equations, has shown that this 
strong color is caused by the collective excitation of the free electrons in the conduction 
band of the metal from one surface to the other. This coherent excitation is called a 
surface plasmon resonance (Figure 1-1) is slightly dependent on size, as it is not due to 
quantum confinement effects as is seen in semiconductor nanoparticles, but is a 
consequence of the change in the  polarizability of the particle. In his treatment, Mie 
assumes the spheres will have the same frequency dependent dielectric constant as the 
bulk metal and also takes into account the contribution of the medium surrounding the 
particle. The derived equations expressions are for calculating the scattering and 
extinction cross sections of the particles. In the realm of small particles, where the 
diameter of the particle is much less than the wavelength of light, the expression can be 
approximated using only the dipole oscillation. This approximation can accurately model 
features of the absorption spectrum of small particles. Mie Theory also assumes that the 
particles do not interact and are effectively separated. These unique properties make the 
study of noble metal nanoparticles by optical methods highly inviting. These studies are 
necessary to understand the relaxation dynamic properties of the particles as well as 
determine what effects changing the synthetic and environmental parameters has on the 
surface plasmon absorption.  
To that end, these particles have been under investigation for several years for 
their uses in solar energy conversion, opto-electronics, and catalytic applications[2-8]. 
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Gold nanoparticles have demonstrated themselves to be particularly well adapted to a 
variety of applications. They have been used in scattering studies[9], Raman 
enhancement studies[10,11], and in biological marking systems[12]. The versatility of 
these particles in spectroscopic applications is in large part due to the plasmon band. This 
absorption is extremely strong and somewhat tunable with the size, shape, and 
composition of the particles [13,14].  
 
2. Nonradiative Relaxation of the Plasmon Electrons 
Understanding the dynamics of the excited electrons responsible for the surface 
plasmon absorption band is tremendously important to future applications. Previous 
[13,14,15-24] studies of the dynamics of the plasmon band of colloidal gold particles 
have found a fast initial electron-electron (on the femtosecond time scale) , electron-
phonon (on the order of a few picosecond time scale) relaxation followed by a longer 
phonon-phonon decay. The coupling of the electrons to the phonons of the particle lattice 
and to the phonon sea of the surrounding medium are integral to the equilibration of the 
non-Fermi distribution of the initial non-thermalized state. The electron-electron and 
ballistic electron scattering components occur on the few femtosecond time-scale and are 
difficult to resolve in the initial decay component, primarily because they are on the same 
scale as the 100 femtosecond laser pulse[13,14]. 
The excitation of the electron gas and coupling to the lattice can be described 
using the two temperature model (TTM)[25]. In the TTM, the heat capacities of the 
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lattice and the electron gas are described by a set of coupled differential equations shown 
below. 







κ )                       (1) 




∂ )                                                                   (2) 
where Tl is the lattice temperature, Te is the electron temperature, κ´is the electronic 
thermal conductivity, g is the coupling constant, and LP(z,t) is the spatial and temporal 
evolution of the laser pulse. 
The equations describe the heat capacity of the electron gas as small which means 
that the incoming pulse energy quickly raises the electronic temperature of the electron 
gas creating a non-Fermi distribution. The hot electrons then dissipate their energy via 
electron scattering events, and couple to the lattice. The electron gas also couples a 
portion of the energy to the lattice of the particle. The larger heat capacity of the lattice 
means that this temperature is much less than that of the initial electron temperature of 
the electron gas since the heat capacity of the lattice is much larger than that of the 
electrons[25]. The hot lattice can then also couple with the surrounding phonon sea. This 
can be affected by the composition of the particle as well as the dielectric constant of the 
surrounding material[26-30]. The thermalization and relaxation can be visualized in 
Figure 1-2. In Chapter II, we describe our study on the hot electron cooling dynamics of 
gold nanoarray particles on glass substrate and compare the behavior with that of 
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colloidal gold nanodots and gold films on a glass substrate. We found that the electron-
phonon relaxation time for the nanoarrays is much longer than that of either the films or 
the colloidal dots. 
3. Coherent Lattice Vibrations 
The hot electron gas couples to the surface phonon modes via the acoustic or 
capillary modes. As Hodak et al point out, the interaction with the acoustic mode leads to 
an oscillatory change in the volume of the particles[16] which induces a corresponding 
oscillation in the absorption spectrum of the particles.  In their investigations of colloidal 
particles they found the frequency of oscillation is linearly dependent on 1/R where R is 
the particle radius. In their samples the frequency varied from 1.0 cm-1 for 120 nm 
particles to 11.6 cm-1 for 8.3 nm particles. They found this to be consistent with the 
spherical vibrational breathing modes of the particles and calculate an η = 2.95 ± 0.06 
from their experimental results, where η represents the eigenvalue of the radial mode (in 
this case the lowest radial mode) . Whereas η = 2.93 for the lowest radial mode, showing 
good agreement between the experimental and theoretical values. They also attribute, as 
others do, the oscillation of the plasmon band to the coherent breathing of the particle. 
The breathing of the particle changes the electron density and thus causes the plasmon 
band to shift to the blue and red side of the equilibrium absorption. The physical 
explanation offered is that the heating of the lattice is caused by the electron gas energy 
dissipation. According to Hodak, for particles smaller than 8 nm, the heating occurs more 
rapidly than the frequency of the breathing mode leading to an impulse[16]. When 
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studied as a function of power, as expected the particles show a decrease in the 
magnitude of the oscillations when compared to the bleach signal.  
Hartland et al have also explored the effect of using nanorods instead of 
nanospheres. Gold rods were synthesized electrochemically [32,33] with aspect ratios 
between 2 and 4.9 [34]. The transverse plasmon band was centered at 520 nm and the 
longitudinal band varied from 600 nm and 840 nm. In the case of the nanorods, as is seen 
by Hartland and others in spheres, an initial large magnitude signal is seen followed by an 
oscillation overlaid on the phonon-phonon decay component. When probed on the blue 
and red sides of the plasmon the rod signal is out of phase, though not completely out of 
phase as has been seen in sphere investigations, where the behavior is attributed to a 
periodic shift of the plasmon band as the lattice expands and contracts [31]. The rods also 
show several oscillations in contrast to the single “impulse” oscillation seen by Perner et 
al.[35] and shown Figure 1-3. When shown side-by-side with the data from the silver 
arrays, the similarities are undeniable. However, Hartland et al did not perform the 
polarization experiments that displayed the unique traces seen in the work of Perner 
though the experiments from the rods were followed up by a theoretical treatment. Hu 
[36] determined that the heating causes excitation of not only the breathing mode of the 
rods but also the mode that is responsible for extension of the rod itself. The calculations 
show that there are in fact two different contributions to the observed dynamics. The 
lower frequency oscillations with a period of between 40 and 120 ps for aspect ration 2 
and 6 ps are the result of the extension mode. The shorter period oscillations (~11 ps ) are 
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assigned to the breathing mode. They propose that the extension mode dominate the 
observed dynamics because of the finite time scale that the heating occurs on.  
The intense heating of the nanoparticles caused by the laser pulse poses the 
question: Does the heating cause particle melting or deformation? Results from the work 
of Link et al, [37] have shown that indeed femtosecond laser pulses can be used to 
photothermally reshape gold nanorods. Hartland [31]et al have investigated the effects of 
femtosecond heating on the symmetric breathing mode of colloidal gold nanoparticles. 
They found that the period of the oscillation is dependent on the pump power , increasing 
as the power is increased up to the melting point of gold. The particles are thought to not 
completely melt but to only partially melt and form a liquid shell on the particles. For 
example, the period of 50 nm particles is observed to increase from ~16.6 ps to ~17.5 ps 
as the laser power is increased from 0 to 1.5 µJ [31]. The partially molten nature of the 
particle and thus the different speed of sound in the solid and liquid portions of the 
particles, which varies with pump power, leads to the damping of the oscillations. 
Hodak et al[15] also investigated the dynamics of core-shell particles composed 
of gold and lead. Gold was used as the core with variable thicknesses of lead as the shell. 
The gold core was kept a constant 47 nm and the thickness of the lead varied. It was 
found that the period of  the oscillation increased as the number of atomic layers of lead 
increased. The plasmon of the particle was primarily gold in character but was shifted 
because of the lead and is center around 500 nm with the lead present. They propose that 
the two layers act together during the oscillation when the lead layer is thin, but as the 
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layer thickness increases the lead acts as a restraining force, like stiffening the spring in 
an oscillator, to retard the oscillations. They present a qualitative picture of the data.  
Voisin et al [23,24,30,38] focused on silver nanoparticles and investigated the 
coherent vibrational dynamics using femtosecond pump probe spectroscopy. The 
oscillation dynamics of the silver particles follow the same theoretical underpinnings as 
the gold oscillations. The heating of the electron gas transfers energy to the lattice which 
then oscillates in response to the cooling. However, the silver particles were grown and 
investigate in a glass matrix and prepared via heat treatment. The particles oscillate just 
as in the colloidal case , however the oscillations decay much faster (<10ps). Other work 
by Voisin[41] has investigated the effect of the environment on the oscillation. Using 
essentially the same experiment as before, they were able to determine that the interaction 
between the particles and matrix drastically effect the relaxation of the oscillations. This 
is of particular importance when applied to the array particles since they are unique in the 
interaction with both air and the glass substrate. This substrate may act by damping the 
oscillations just as the lead overlayers used by Hodak do.  
When the electron gas is heated by the laser pulse, the impulse of the heat 
imparted to the lattice causes an expansion of the lattice coinciding with the lattice 
breathing mode. The expansion and contraction of the lattice changes the electron density 
of the particle and thus causes a shift in the plasmon band. The plasmon shifts to the blue 
and red of the equilibrium value with the oscillation of the particle. Thus if the dynamics 
of the particle are measured on the blue and red side of the equilibrium plasmon value, 
 8
the oscillations will be π out of phase with each other due to the periodic oscillation of 
the plasmon absorption band [31]. This oscillatory behavior has been studied for both 
gold and silver particles in colloidal solution and embedded in a glass matrix.  
In order to be able to detect the oscillation phenomenon the particle size dispersity 
must be extremely small. Otherwise the oscillatory behavior is averaged out by the 
different breathing mode periods of the different size particles. Since the observation of 
this behavior is dependent on the size distribution of the sample. In order to achieve the 
highly monodisperse particle solutions necessary for work in colloidal solution, Hodak et 
al and others [15-17,31] , have used gamma irradiation to initiate the particle growth. The 
monodispersity of the solution makes the lattice oscillations easier to detect since almost 
all of the particles will have the same oscillation frequency. The nanosphere lithography 
method developed by Van Duyne et al.[38-40] offers an effective means to produce 
highly monodisperse samples on substrate. The unique geometry of the particles, 
truncated octahedral in contrast to the spherical shape of the previously studied particles, 
also provides an interesting comparison to that of the previously studied particles. The 
study of this system is given in Chapter III. The effect of the glass substrate is also 
discussed. 
4. Transistion Metal Nanoparticles 
a) Catalytic Properties 
In contrast to the strong optical absorption of the noble metal nanoparticles, the 
plasmon band of transition metal such as platinum , palladium, and rhodium is quite weak. 
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However, since the primary interest in these materials is their catalytic properties this is 
of little consequence. In relation to catalysis, the difference between nano-scale and bulk 
was noted very early and has been the subject of early studies.[2,4) The specific 
properties of nano-sized metal particles in catalysis are usually associated with a change 
in their electronic properties relative to the bulk samples. This change is a result of size 
effects giving rise to an increase in the surface energy and a characteristic high surface-
to-volume ratio. These lead to an enhancement of their catalytic properties [3] as large 
fractions of the active metal atoms are on the surface and thus are accessible to reactant 
molecules and available for catalysis [4]. For these reasons, many workers have 
synthesized platinum nanoparticles deposited on inorganic materials as used in 
heterogeneous catalysis for use in various reactions [5-8]. These catalysts are typically 
prepared without capping materials by impregnation/ion-exchange methods using various 
Pt precursors such as H2PtCl6 [5], Pt(NH3)4(NO3)2 [6], Pt(AcAc)2 [6], Pt(NH3)4Cl2 [7], 
Pt(NH3)4(OH)2 [15] and Pt(allyl)2 [8] which, give mainly amorphous (no shaped) 
nanoparticles. 
Generally, the particle sizes and the dispersion states of metal nanoparticles are 
important factors in explaining their catalytic property. A relationship between the size of 
copper nanoparticles and the catalytic activity evaluated by hydrogenation of unsaturated 
nitriles was reported by Hirai et al. [41]. They attributed the increase in the catalytic 
activity to an increase in the surface area of the nanoparticles due to the decrease of the 
particle size. However, the opposite result was also reported [27]. An enhancement of 
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both the specific activity and the turnover-frequency on the large silver particles in the 
hydrogenation of crotonaldehyde was observed compared with the small silver particles. 
In addition, the selectivity to the unsaturated alcohol is found to increase with increasing 
silver particle size [27]. This catalyst gave a higher selectivity to crotyl alcohol (53 %) 
than the ultradispersed small silver particles that produced crotyl alcohol with a 
selectivity of only 28 %. These results indicate that the rate-determining step depends 
critically not on the surface areas and dispersion states but on the silver particle size and 
surface structure. As described by these workers [27], the activity and selectivity of some 
reactions depend on the nature of the surface sites on the nanoparticles. Factors which 
determine the coordination of surface metal atoms depend on size, shape, exposed facets 
and surface roughness [28].  
The dependence of the selectivity and activity on the substrate surface has been well 
known for many years. A variety of different surface reactions have shown a large 
dependence not only on the surface roughness of the catalyst but also on the crystal 
lattice. This has been shown for single crystal platinum samples under UHV conditions 
by a variety of groups and in several early works for dispersions of colloidal transition 
metals. 
The use of nanoparticles in colloidal solution requires that a capping material (e.g. 
polymer) is added to the suspension in order to prevent coagulation and precipitation of 
the metal nanoparticles. A part of the added polymer exhibits a protective function by the 
adsorption of the polymer onto the metal nanoparticles and the other part of the polymer 
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dissolves freely in the suspension of the metal nanoparticles. Both the amount of the 
polymer adsorbed on metal nanoparticles and the concentration of free polymer are 
important for the application of the metal nanoparticles. However, there have been no 
reports on correlation of the catalytic activity with either the amount of the polymer 
adsorbed on metal nanoparticles or the concentration of free polymer in catalysts. This 
polymer capping material can diminish the catalytic effectiveness of the particles by 
blocking access to the steps and kinks of the surface. Even though the polymer may be 
removed by heating the sample, this has been shown to leave deposits on the surface of 
single crystals in  UHV conditions. In the single crystal experiments Somorjai found that 
a carbonaceous layer was actually mobile on the surface and blocked access to 
catalytically active sites on the crystal.  
Though the study of single crystals under ultra-high vacuum [42] has done much to 
elucidate the catalytic process, since the early 1940s the potential use of transition metal 
nanoparticles in catalysis have attracted a great deal of interest[43].  These particles have 
been the subject of study in solution [42,44], in polymers [45], and immobilized on 
supports [43,46,47]. The wide variety of media in which these particles can exist have 
facilitated their use in exploring their catalytic properties in a wide variety of reactions 
including, but not limited to, hydrogenation [48], CO oxidation[43], Suzuki coupling 
reactions [48], and isomerization [43].  
 Particles within this size range exhibit interesting properties that are unique to 
their small size. As the number of atoms in the particle decreases, the fraction of the 
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number of atoms on the surface to the total increases. This increases the surface to 
volume ratio of the particles and thus increases the number of atoms per gram that can be 
involved in the catalysis process. Furthermore, as the size of the particle decreases, the 
chemical activity of the surface atoms is expected to change due to an increase in the 
surface tension of the particle with decreasing size and increasing curvature.   
 Rampino et al[42] studied the effect of size on rate of hydrogenation using 
platinum and palladium particles capped with polyvinyl alcohol, methyl methacrylate , 
and polyacrylic acid methyl ester. They compared the rates of hydrogen uptake of the Pd-
PVA catalyst with the uptake rates of several commercially available catalysts of known 
activity. Their test shows that the uptake rate of the Pd-PVA catalyst is almost 5 times 
larger than the uptake of the Pd-C catalyst. These early results set the context for 
investigations of metallic nanoparticle catalysis showing the much greater efficiency of 
the nanoparticles over standard catalysts. 
More recently, groundbreaking work by Schmid[43,46] and 
Bonnemann[43,47,49] has shown the effect and uses of nanoparticles in heterogeneous 
catalysis process such as hydrogenation and hydroformylation reactions. In Schmid’s 
early work he found that, in order for the catalyst to survive the reaction and maintain its 
effectiveness, it was necessary to support the particles on substrates such as TiO2 or 
Al2O3 [58]. In these studies the ability of small rhodium and palladium particles to 
catalyze the hydroformylation of ethene was explored. These particles were supported on 
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TiO2 and a Na-Y zeolite. These catalysts are produced by chemisorption of the particles 
onto the support surface via addition of the support to a solution containing the particles. 
This results in loading of 5% and 1.5 % by weight for the zeolite and the TiO2 
respectively. The catalytic effect of the particles was tested heterogeneously on the 
hydroformylation reaction of ethene, however the deactivation of the surface due to by-
products formation led to the study of these species using an aqueous suspension of the 
particles. The limited solubility of the by-products in the aqueous media decreases the 
chances of catalyst deactivation. The studies of ethene hydroformylation, using 1 % 
loading , achieved a turnover frequency of 140 mol mol-1 min-1 while similar studies 
using propene led to turnover frequencies of 400-600 mol mol-1 min-1. These turnover 
frequencies are much higher than those found using homogeneous catalysts, but show 
decreased selectivity.  
The hydrogenation of 1-hexene[46] was investigated using small Pd particles on 
TiO2. In these studies the difference in effectiveness between the supported particles and 
commercially available catalysts is truly remarkable, with 100% conversion to the alkane 
by the supported particles and only 29.7% conversion by the commercial catalyst. 
Similarly impressive results are achieved with diverse compounds such as 
dicyclopentadiene (100%), 1-hexyne (97.5%), and crotonaldehyde (95.1%).  These 
catalysts not only show an increased effectiveness over traditional catalysts, but in 
contrast to the rhodium particles, show no deactivation even after many cycles.  
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Studies by Bonnemann[47] using rhodium nanoparticles have also shown vastly 
increased activities. The hydrogenation of butyronitrile was performed using a 
commercially available 5% Rh on charcoal catalyst and a 5% Rh on charcoal 
nanoparticle catalyst. The difference in activity is astounding, with the nanoparticle 
catalyst having essentially double the activity of the commercially available catalyst at 
the same loading. The colloidal Pd nanoparticle catalyst also shows an increased lifetime 
over conventional catalysts, lasting approximately 2.5 times longer than the conventional 
catalyst. These studies eloquently show the enhanced activity of transition metal colloid 
based catalysts in relation to the activity of comparable commercially available catalysts.  
Ahmadi et al have shown in a Science report [51] that polymer stabilized 
platinum and palladium nanoparticles of different shapes can be synthesized using a 
hydrogen gas reduction in an aqueous solution[51]. This relatively simple method allows 
us to produce nanoparticles of tetrahedral, cubic, and truncated octahedral shapes. Each 
shape has its own characteristic crystal facets that can catalyze surface reactions. It has 
been shown from work on single crystals that certain reactions are sensitive to the surface 
structure of the crystal. This sensitivity can take the form of enantioselective reactions, 
and or simple selectivity towards product formation only using a certain facet[52]. In the 
case of our particles different shapes have different facets. The cubes only have (100) 
facets, while the tetrahedral have only (111) facets.  Recent work by our group has 
already shown that these catalysts are effective in the catalytic hydrogenation of 
propylene[53]. Others have also shown that platinum/gold alloys can be used to catalyze 
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the reaction of H2 and O2 up to 50 times the normal rate[54]. This opens the possibility of 
greatly increasing the output of traditional PEM (polymer electrolyte membrane) fuel 
cells. 
B. Fuel Cells 
Fuel cells have long been of interest as an alternative energy source in a wide 
variety of applications ranging from the space program[55] to more terrestrial concerns 
such as a replacement for the aging internal combustion engine[55]. While some 
applications have been realized, such as the use of fuel cells in some bus systems and 
cellular phone batteries, there are still many areas that could benefit from the use of fuel 
cells as an energy source. The auto industry is one of the most promising sectors for 
growth, primarily because of the higher efficiency and lower emissions of a fuel cell 
system relative to the conventional internal combustion energy. While conventional 
combustion engines reach only ~30% efficiency, low temperature fuel cells could 
routinely reach efficiencies of 40% - 50% with emissions of only water vapor. Using 
such technology in only a fraction of the cars produced in the next decade could 
significantly reduce the amount of greenhouse gases for which the US is responsible, as 
well as increase energy security by reducing the dependence of the US on oil imports. 
 Larger scale fuel cells using a variety of different fuels also hold promise as a 
cleaner replacement for present day fossil fuel based power plants[55]. Running on 
renewable resources and emitting almost no waste gases, these plants generate power not 
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only by conversion in the fuel cell but also by utilizing the waste heat for power 
generation increasing the efficiency of the process further.  
Many previous studies[57-68] and patents[48, 57-71] have focused on enhancing 
the porous carbon electrode or the catalyst layer using supported catalysts. Theses 
methods vary from sputtering a thin layer of Pt on to the gas diffusion electrode [57] to 
reduction of organometallic precursors onto supports for use in the catalyst layer [47,49]. 
The effect of sputtering Pt on to the carbon electrodes on the oxygen reduction reaction 
kinetics was recently studied by Mukerjee et. al [57]. The sputtered layer electrodes had 
Pt nanocrystallite with an average size of 25-30 Å on the surface. The loading of the 
catalyst layer was held constant at 20% Pt/C in the carbon cloth catalyst layer. They 
found that the addition of the small Pt nanocrystallites caused a 4-fold improvement in 
the oxygen reduction reaction at 0.9V and a 3.6-fold improvement in the exchange 
current densities. This study illustrates how the accessibility of the oxygen to the Pt 
nanocrystallites vastly increases the efficacy of the process. 
 Recent work by Bonnemann et al[49] has explored the idea of using a bimetallic 
colloidal precursor on polymer electrolyte fuel cell anode to improve the CO tolerance. 
Pure platinum catalysts suffer from poisoning problem resulting from CO adsorption on 
the surface. However, this problem has been addressed by the development of alloy 
catalysts that are much more resistant to poisoning than the pure metals. Bonnemann et al 
seek to take advantage of not only the increase in activity shown with nanoparticles, but 
also the CO resistance introduced by alloying with other metals. The platinum precursor 
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colloids were produced by coreduction of platinum and ruthenium chloride using 
tetractylammonium-triethylhydroborate in THF. The platinum-ruthenium and platinum-
tin particles are produced via a multi-step borate reduction mechanism. The platinum-
ruthenium particles are also synthesized via a trialkylaluminum reduction. The particles 
were then deposited on a Vulcan XC72 substrate. The capping layer was then removed 
by reactively annealing at 300oC in a 10% O2 in N2 atmosphere and then at 300oC in pure 
H2. The particles were then deposited onto a glassy carbon electrode and then fixed with 
Nafion solution. These catalysts show a slightly higher activity towards the reduction of 
H2 than commercial catalysts as well as having essentially the same activity even when 
2% CO is added to the reaction mixture.  
Obviously, to realize these goals much more basic research needs to be done to 
increase the amount of energy the cells can produce so that one day they may become as 
ubiquitous as standard flashlight batteries. One method by which this can achieved is by 
increasing the efficiency of the conversion of the cell. The most interesting way to 
achieve this is to use the advantages afforded by novel nanomaterials, specifically, 
transition metal nanoparticles. 
 Our primary interest is in the polymer electrolyte fuel cell, and more specifically 
in the proton conducting membrane sandwiched between the electrodes. In the polymer 
electrolyte fuel cell, a feed stream of hydrogen is fed to the anode and there split into 
individual protons giving up two electrons. The electrode often has a thin layer of 
platinum either on it or adjacent to it in a carbon support matrix. The electrons travel 
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through the external circuit, while the protons are conducted through the polymer 
electrolyte to the cathode where the oxygen is reduced and combines with hydrogen to 
give of water and energy as shown here[55]: 
 
Anode: 2H2 →4H+ + 4e-
Cathode: O2 + 4H+ + 4e- →2H2O 
Overall: 2H2 + O2 →2H2O + energy 
 These cells hold the advantage of their low operating temperature (<80 oC) and their 
relatively high efficiencies of ~ 50%. Unfortunately, the catalyst is very sensitive to the 
purity of the feed gases and thus easily poisoned. Our proposed research focuses on the 
modification of the polymer membrane with the addition of shape controlled Pt 
nanoparticles. We shall use our hydrogen reduction technique[51] to synthesize shape 
controlled alloy nanoparticles designed for poisoning resistance and to increase catalytic 
activity. Watanabe and co-workers have recently reported data [56] on the 
incorporation of platinum nanoparticles into the membranes of polymer electrolyte fuel 
cells. They used membranes containing Pt, TiO2, and Pt-TiO2 particles. The primary 
focus of their work was the suppression of gas crossover and to introduce a method to 
control self-humidification of the membranes. The platinum particles were produced by 
soaking the membranes in a precursor solution consisting of [Pt(NH3)4]Cl2 overnight. The 
ions were reduced to the metal by reacting with excess neutral hydrazine overnight. TEM 
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images of the particles confirmed the size range of 1-2 nm. The terminal voltage and 
power density measurements show a substantial increase in the performance of the 
modified membranes versus the unmodified ones. While they conclude that many of 
these effects are due to the better water distribution achieved with their particles, they 
make no mention of the catalytic enhancement of the oxidation of the hydrogen or 
reduction of the oxygen. The effects of adding transition metal nanoparticles to the proton 
exchange membrane are studied in Chapter V. 
Thesis Outline 
This thesis is structured as follows. The electron cooling dynamics of periodic 
gold arrays are examined in Chapter I. The power dependence of the arrays is compared 
to those of colloidal gold nanaoparticles, films, and literature values. The dynamics are 
discussed in terms of the contrast in environmental coupling between the different 
systems. In Chapter II , evidence for the existence of phonon oscillations in gold and 
silver nano-arrays is presented. These oscillations are the result of heat imparted to the 
lattice via the plasmon electrons heated coherently by use of femtosecond laser pulses. 
This data is discussed within the context of this theory and compared to work previously 
done with gold and silver systems in solution and glass matrices and discussed in Section 
2 of this this introduction. The medium effects on the relaxation of gold arrays are 
elucidated in Chapter III. This is done by comparing the dynamics in air, pyridine, and 
water and their respective thermal properties.  
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In the second half of this thesis, the catalysis by transition metal nanoparticles is 
investigated. The catalytic effects of platinum, palladium, rhodium, and Pt/Pd alloy 
nanoparticles on the power output of polymer electrolyte membrane fuel cells is 
discussed in Chapter V. In Chapter VI, the heterogeneous catalysis of  the hydrogenation 
of propene over truncated octahedral platinum nanoparticles on alumina is investigated. 
In Chapter VII, the efficiency of the catalytic action of platinum nanoparticles 
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Figure 1-1 Schematic (a) of the surface plasmon phenomenon showing the interaction of  
 
light with the free electrons of the particle. This creates a coherent bulk oscillation of the  
 












Relaxation to Initial Distribution
































Figure 1-2 Representation of the electron distribution before (a) , during (b) , and after (c) 
thermalization. Before laser excitation (a) the system occupies levels below the Fermi 
energy. When the system is excited, the energy causes a non-thermal distribution above 
the Fermi energy. The system then begins to quickly thermalize via electron-electron, 















Figure 1-3 Data from Perner et al showing oscillations detected in the plasmon of silver 
nanorods in a glass matrix. (Perner, M et al. Phys. Rev. Lett. 2000, 85, 792.) 
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CHAPTER II 
HOT ELECTRON COOLING DYNAMICS OF 
LITHOGRAPHICALLY PREPARED AU NANOARRAYS 
 
Abstract 
The relaxation dynamics of Au arrays prepared via nanosphere lithography were 
investigated using femtosecond pump-probe spectroscopy. The hot electron relaxation 
dynamics in arrays of truncated tetrahedra shaped 90 nm gold nanoparticles on glass, 
50nm thick gold film, and gold nanodots in solution are compared. The initial relaxation 
(due to the electron-phonon relaxation) of the Au array is longer (2.9 ps) than the 
relaxation of the Au thin film (1.5 ps). The thin film system exhibited single component 
decay, while the nanodot in solution displayed an additional longer decay due to the 
phonon-phonon relaxation or heat dissipation which is in the 80-100 ps range. This is 
explained in the context of the differences in the relative rate of heat dissipation 
compared to the rate of electron-phonon relaxation in the different systems. In the gold 
film, the rapid transport of heat away in the continuous film allows faster relaxation of 
the system and the observation of only one component in the overall relaxation. In this 
system the rate of heat dissipation is comparable to the electron-phonon relaxation rate. 
In the arrays, the electron-phonon relaxation time is longer than in the films as a result of 
the amount of surface that is exposed to the less thermally conductive air. In the nanodot 
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system in solution, the rate of heat dissipation is in-between that in the films and the 
arrays as it involves the gold phonon relaxation to the micellar capping material and to 




 The dynamics noble metal nanoparticles have been the subject of intense interest 
in recent years. The effect of the surrounding media on the relaxation of the hot electrons 
is also of intense interest. Theses have been studied in solution, particle films, 
membranes, powders and glasses. However, the method of nanosphere lithography 
developed by Van Duyne1-3, allows the production of very monodisperse particles with 
no capping material, on a variety of substrates, in a variety of sizes. These particles may 
be composed of any material such as metals, polymers, or semiconductors that is 
thermally evaporated through the lithographic mask on to the substrate. The work by Van 
Duyne et al 1-3 has shown that these particles may be readily prepared of silver or gold 
and show very discrete surface plasmons, which could be probed by femtosecond 
transient absorption spectroscopy. This offers the ability to use nanolithographically 
prepared nanoparticles, which are spatially isolated, uncapped, and surrounded only by an 
air matrix as a method to study the differences in the relaxation times of the hot electrons 
in these nanoparticles versus noble metal nanoparticles dissolved in solution.  
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 The work of Sun et al6 has helped elucidate the mechanism of electron 
thermalization  in gold films, showing that the hot electrons quickly relax by dissipating 
energy via electron-phonon and phonon-phonon interactions. This is supported by the 
work of Bigot et al 15 who showed that the relaxation time of silver nanoparticles 
imbedded in a glass matrix becomes shorter when then matrix is changed to more 
thermally conductive alumina. The differences in the hot electron relaxation times 
between films, nanoparticles in solution, and spatially isolated arrays then gives a clearer 
picture of how these vastly different environments influence the relaxation dynamics of 
noble metal nanoparticles. 
 
Experimental 
 Regular arrays of gold nanoparticles were prepared using nanosphere 
lithography.1-3 In short, an ordered layer of polystyrene nanospheres (Polysciences) was 
prepared on a glass coverslip ( Fisher Scientific ) as shown in Figure 1. The coverslips 
were then mounted in a Denton DV-502A Thermal Evaporator to deposit gold in the 
spaces between the spheres. This gives rise to the triangular shape of the particles in the 
arrays. The height of the particles is determined by the mass thickness of material 
deposited and can thus be easily controlled. The thickness of the evaporated gold was 
monitored by a quartz crystal thickness monitor (Inficon). After evaporation the mask 
was removed from the substrate by sonicating for 30s in methylene chloride. The arrays 
were then allowed to dry overnight to allow any residual liquid to evaporate. The size of 
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the particles was then determined using a Quesant Q-SCOPE atomic force microscope 
(AFM). The average size of the particles was calculated to be approximately 90 nm wide 
using the geometric relations determined by Van Duyne et al 1 and 50 nm in height when 
356 nm polystyrene spheres were used as the mask material. The AFM images are raw 
images uncorrected for tip convolution effects, and thus the particles appear larger than 
the calculated value. As shown in Figure 2, after removal of the nanosphere mask 
hexagonal arrays of nanoparticles were present on the coverslip, but did have some defect 
sites. The 50 nm gold films were prepared by simply evaporating gold onto clean 
coverslips.  The absorption spectra of the arrays and the films were then recorded using a 
Shimadzu UV-3101-PC spectrophotometer in standard transmission geometry. 
 
The dynamics of the arrays and the films were studied by using femtosecond 
pump-probe spectroscopy. The setup consisted of regeneratively amplified Ti:Sapphire 
laser system (Clark-MXR CPA 1000) pumped by the doubled frequency of a   
Nd:Vanadate laser (Coherent Verdi). The system repition rate was 1 kHz and produced 
100 fs (FWHM) duration pulses with energy of 1 mJ centered at 800 nm. A portion of the 
output beam was split off and focused on a 1 mm thick sapphire plate to generate a white 
light continuum for use as a probe beam. The remainder of the beam was then doubled by 
second harmonic generation to produce 400nm light for use as a pump beam.  
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The pump beam was then sent to a computer controlled variable delay line and 
then passed through a chopper to modulate the beam at 500 Hz with the same phase. It 
was then focused onto the sample. The continuum beam was split into probe and 
reference beams. The probe beam was focused onto the sample and overlapped with the 
pump beam, and then collected and focused onto a fiber optic cable coupled to a 
monochromator. The reference beam was focused onto a fiber optic cable that was 
coupled to the same monochromator. The kinetics measurements were made by 
monitoring the probe and reference beam signals using two photodiodes at the exit slit of 
the monochromator. The voltage from the photodiodes was then amplified and fed into a 
sample and hold system.  
  
Results  and Discussion 
 The gold array nanoparticles have a UV-Vis spectrum as shown in Figure 
3. The different peaks at 700 nm are all from the same sample. The substrate was simply 
shifted such that the sample beam impinged on different portions of the sample. The 
spectra show that the position of the peak remains relatively constant, with only the value 
of the absorbance varying with the number of particles in the beam area. Since the beam 
must inevitably include some defect sites this also serves to bolster the idea that these 
defects have little effect on the spectral shape of the absorption band, only on the 
absorbed intensity. The absorbance is in roughly the same position as the longitudinal 
absorbance of the gold nanorods having an aspect ratio of  3:1  but, as expected, does not 
 35
display the transverse band. The work of Martin26 et al. and van Blaaderen23-25 et. al. 
using gold nanorods embedded in an alumina and polymer matrices has shown that the 
angle of incidence for the probe beam, as wells as the aspect ration of the rods, can have a 
significant effect on the features of the spectra. By changing the orientation of the 
particles it is possible to selectively excite the transverse and longitudinal modes. This 
could explain the appearance of only one band for the array nanoparticles since they are 
excited in the direction perpendicular to the substrate. This would lead to the observation 
of the absorbance along the long axis , and not the short axis of the base in 
correspondence to the longitudinal mode of the nanorods. For a triangular shape this 
would correspond to the in plane absorption while the transverse band would transverse 
band would be perpendicular to the plane. 
 
The interband transitions appear in the 350 nm – 500 nm region 4,5,8,14,19 but the 
absorption of the glass substrate interferes with further characterization below that region. 
The maximum absorbance of the system is also relatively small (<.1 OD) due to the 
relatively large spacing of the particles as concluded by comparing the particles to a gold 
film with a thickness of 50 nm. Unfortunately, the extremely low OD of the particles in 
the 400 nm range makes it difficult to excite the particles with the second harmonic of the 
Ti:Sapphire laser. The particles were probed at 520 nm in accordance with the absorption 




The electron cooling dynamics of the gold array nanoparticles and a 50 nm gold 
thin film were studied at several different excitation powers. Representative kinetic traces 
are shown in Figure 4 and Figure 5, respectively.  The relaxation time of both the film 
and the arrays showed an increase with increasing pump energy. As shown in Figure 4, 
the relaxation time of the gold array nanoparticles increases from 2.83 ps at 7926 K to 
9.17 ps at 14322 K, the highest electronic temperature change. The 50 nm gold films 
were also investigated and showed a definite increase in relaxation time from 1.06 ps at 
3381 K to 6.94 ps at 18094 K.  However, the relatively low optical density of the array 
samples (.0148 at 400 nm), in comparison to the films( >1.2 at 400nm), leads to only a 
very small fraction of the incident energy being absorbed. Unlike the gold nanodots in 
aqueous solution, shown in Figure 6, no long component was detected at any of the 
powers investigated for the film or the arrays.  
The observed relaxation time for the film, even at the lowest excitation power , is 
found to be shorter than the relaxation time of the array particles. The difference in the 
relaxation rate in the two systems can be explained by two factors: the difference in the 
temperature dependence of the heat capacity of the electron gas and the heat transfer 
characteristics of the two systems. It is well known that the heat capacity of the electron 
gas is temperature dependent and thus varies with the excitation power.16-18 Also, at 
higher excitation powers the hot electrons must dissipate a larger amount of absorbed 
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energy. Depending on the cooling mechanism of the nanoparticles to the surroundings, 
the measured relaxation time might be affected.  
Both the film and array systems are on a glass substrate, which has a significantly 
higher thermal conductivity than the aqueous solution in which the nanodots are 
dissolved. The high thermal conductivity of the medium plays an important role in the 
relaxation of the hot gold arrays and film.7,20,21  In a previous work from our lab, it has 
been asserted that the relaxation components may be separated into components 
responsible for the heat transfer to the surroundings and then the conduction of the heat 
away.20,21 The previous work from our lab detailing the electron relaxation dynamics of 
gold nanodots in a MgSO4 solid matrix 20 using diffuse reflectance spectroscopy has 
shown the dependence of the relaxation times on the surrounding medium. Using MgSO4, 
THF, and air as different matrices,  Link and co-workers 20 found a definite link between 
the short component of the relaxation of the gold nanodots embedded in different 
matrices and the nature of the matrix. The particles in the MgSO4/air matrix showed that 
the fast component was twice as long as the same particles in a MgSO4/THF matrix. The 
heat is therefore transferred to the surrounding media in the MgSO4/THF faster than in 
the case of MgSO4/air, and the fast component of the plasmon band bleach recovery has 
been assigned to electron-phonon coupling within the particles as well as a partial heat 
transfer to the surrounding medium. However, the long component is found to be 
comparable in the two systems. These results might suggest that the electron-phonon 
coupling involves interfacial phonons, which are dependent on the particle environment. 
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The phonon-phonon relaxation (the long component) could involve the same phonons or 
different phonons with different coupling constant and phonon densities as to give similar 
relaxation rates in the two different environments. 
In the case of the gold film, the electron gas in the excitation volume is heated and 
because a continuous film is used, the heat transfer is extremely fast between the hot 
electrons and the surrounding area of the film.6,10-13 The hot electrons quickly transfer the 
excitation energy to the essentially infinite lattice of the film via diffuse motion and 
ballistic transport, thus producing an extremely short electron-phonon component to the 
relaxation.  The energy is then quickly conducted away by the rest of the gold lattice. The 
conduction is also aided by the substrate. The glass substrate is in intimate contact with 
the entire film and acts as another sink for the conduction of the heat away from the 
excitation area. The conduction component of the long portion of the relaxation is 
therefore greatly enhanced , decreasing its relaxation time to become comparable to the 
electron-phonon relaxation time at the powers investigated. This contention is supported 
by the work of Bigot et al.15 in which they studied the dynamics of silver nanoparticles in 
glass and alumina. They found that the relaxation time decreased markedly when the 
particles were embedded in the more conductive alumina.   
The significantly longer (2.5 ps) short component decay time of the arrays 
measured under similar excitation conditions points to a difference in the rate of heat 
transport from the array particle to the environment. In contrast to the film system, the 
array system is much more spatially isolated and therefore cannot conduct heat away 
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from the excitation volume as efficiently as the gold film. The hot array particles could 
cool by transferring heat to the surrounding environment, which in this case is air and the 
glass substrate. The rate of heat conduction through air is very small. Thus this partial 
spatial isolation of the particles limits the overall rate of heat transfer and conduction 
channels that are available to dissipate the heat resulting form the electron-phonon 
relaxation .  The array particles do not have a continuous high thermal conductivity film 
to quickly conduct this heat away from the excitation area. The isolation of the particles 
also limits the amount of energy that can be dissipated by ballistic electron motion. As a 
result the apparent electron-phonon relaxation time (the short component) becomes 
longer (2.5 ps). Within the continuous gold film it is relatively easy to transfer the system 
heat to the rest of the film and then have it conducted away. The arrays however, are only 
able to transfer and conduct to the air surrounding the particle on three sides and the glass 
substrate to which the particles are attached on one side. The surrounding air has a much 
lower thermal conductivity than the gold metal of the films and the glass substrate is not 
as good a heat conductor as the gold metal film. Therefore, the conduction of the array 
particles should be much slower than conduction in the gold film. The contribution of the 
glass substrate must also be less in the arrays than in the film case since contact is 
continuous in the film while the arrays have only one face in contact with the substrate. 
The transfer is thus hindered because of the small amount of surface area in contact with 
the substrate in relation to the volume of the particle on account of the slow phonon 
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relaxation in the array (compared to that in the film), one can understand its relatively 
longer electron-phonon relaxation time (the short component)  
The differences between the decay components of the nanodots, arrays, and films 
may now be explained by the differences in heat transfer and conduction properties. The 
gold nanodots have an electron-phonon relaxation time in-between those in the film and 
the array particles. The nanodot in solution also has a phonon-phonon relaxation time (on 
the order of 90 ps) which is in between the film and the arrays.. The thermal conductivity 
for water is the largest for a liquid, but while it is faster than air, it is much smaller than 
that for either gold (in the thin film) or the glass substrate (in the arrays).  
These contentions are further supported by the different relationships of the 
relaxation time of the short component in each system to the electron temperature, as 
shown in Figure 6. These temperatures were calculated using the equation (1), a 
derivation of the two-temperature model for each point in the power dependence series. 












UTxT     (1) 
 
Where UL is the absorbed laser energy density, γ is heat capacity of gold, and Ti is the 
temperature of the electron gas before excitation (i.e. room temperature). Thus knowing 
the spot size of the impinging beam, one can calculate the electron temperature of the 
aqueous particles, array particles, and films. One can then compare the relaxation times 
across various particle environments. 
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 The aqueous particles show a rise in relaxation time as the power is increased, 
until the short component levels off at an electron gas temperature of  ~15 000 K. This 
short component has been shown to be a combination of the electron-electron scattering 
and the electron-phonon relaxations. This relaxation bottlenecks as the energy is 
dissipated to the lattice phonons and then must be transferred to the phonons of the 
surrounding media. In the case of the nanodots , the surrounding media is water. The 
thermal conductivity of the water allows for the transfer of energy away from the lattice 
phonons to the media, but not instantaneously. As shown in Figure 7 , at high ∆Te ,the 
electron-phonon relaxation time levels off and remains relatively constant even at 
relatively high values such as ~18 300 K. However, in Figure 6, one can see that the 
contribution of the long phonon-phonon component is increasing with increasing pump 
power. Since the electron-phonon relaxation times stay relatively constant at the higher 
electronic temperatures, while the magnitude of the phonon-phonon contribution 
increases, it is well known that the coupling to the surrounding media can play an 
important role in the cooling dynamics, one can conclude that the energy is bottlenecked 
at point where the phonons of the gold lattice transfer energy to the surroundings. In this 
case limited by the transfer from the nanoparticle to the aqueous solution. 
 In the case of the film, the relaxation time is seen to increase linearly with the 
increased ∆Te. The films, as discussed earlier, can rapidly dissipate the excitation energy 
through electron-electron, electron-phonon, and phonon-phonon paths with the rest of the 
film. The thermal conductivity of the gold (3.17 W/cm K @300 K) is much higher than 
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that of the water (.006071 W/cm K @ 298 K ) surrounding the aqueous particles and the 
air ( 26.2 mW/m K ) surrounding the array particles. Thus the energy can be dissipated 
into the virtually infinite sea of phonons surrounding the excitation spot. This fast 
thermalization is well known in thin films and has been characterized for thin gold films 
in particular by Sun et al[6].  
 The arrays are the most insulated system studied, since they are surrounded on 
three sides by air and one side by the glass substrate. Several studies[9,10,19] have 
shown the dependence of the relaxation on the external medium, as mentioned earlier. 
The steep slope of the array data, when compared to the aqueous particle and thin film 
data, can be explained in terms of the difference in the environment. The arrays represent 
a system where the particles are isolated from each other, and not surrounded by a 
conductive medium like water as in the dots. While the air is thermally conductive, its 
thermal conductivity is orders of magnitude smaller than the gold of the thin films, or the 
water of the aqueous gold dot particles. The efficient coupling of the energy of the 
thermalized electrons out of the particles into the surroundings is therefore hindered. As 
shown in Figure 7, the relaxation time increases quickly with ∆Te over the same 
temperature range as the film and particle systems. This can be attributed to the isolation 
of the array particles, which does a great deal to limit the phonon-phonon relaxation 
channel. The temperature of the array particles is thus rapidly increased with respect to 
that of the particles in solution and the films since the phonon-phonon relaxation channel 
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to the surrounding media is greatly hindered. The measured relaxation time thus becomes 
longer with the increased laser fluence. 
In summary, the relaxation of hot electrons in gold nanoparticle arrays, thin films, 
and gold nanodots has been shown to depend strongly on the degree of coupling to 
surrounding medium of the material. It has been proposed that the thermal conductivity 
and heat capacity of the surrounding media are responsible for the observed cooling 
dynamics in each of the different systems. By comparing the results of thin films, 
nanoparticle arrays created using nanosphere lithography, and gold nanodots in solution, 
we have supported this proposal by showing the effects of different environments on the 
observed relaxation dynamics.  
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Figure 2-1 30 µm X 30 µm AFM image of polystyrene spheres on coverslip surface.  
 










Figure 2-2 AFM image of 4µm X 4 µm area of nanolithographically prepared gold  
 
particle arrays. Particles are 50 nm in height and approximately 90 nm in  
 















































Figure 2-3- Steady-state absorption spectra of 50 nm thin film (---), and  Au nanoparticle 
array (⎯)  taken on glass coverslip, in transmission geometry. The different spectra of 
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Figure 2-4- Electron cooling dynamics (followed by the bleach , -∆A, decay) of Au  
 
nanoparticle arrays as a function of pump power. As pump power is increased, it becomes  
 
more and more difficult to effectively dissipate the heat of the particles. Note that the  
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Figure 2-5 Electron cooling dynamics of 50 nm Au thin film  as a function of pump  
 
power. The times are relatively short because of  increased efficiency of heat  
 



































Figure 2-6 Dynamics of gold nanodots in aqueous media. Note the presence of the long  
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Figure 2-7  Plot of relaxation time vs electronic temperature for the arrays (○), thin- 
 
film(▲), and nanodots(◊). Note the difference in line slope which is indicative of the  
 
effect of the increased temperature on the electron-phonon relaxation time and the  
 















Evidence for phonon oscillations in lithographically prepared gold and silver nanoarray 
particles. The oscillations are the result of the rapid rise in electronic temperature induced 
by femtosecond laser pulses. The hot electron gas couples to the acoustic surface phonons 
and results in an expansion and contraction of the particle lattice. This expansion and 
contraction changes the electron density over the particle and thus causes the surface 
plasmon absorption band to shift to the red and to the blue of the center wavelength 
respectively. The results are discussed in the context of previous work concerning the 
coherent vibrations seen with particles in both colloidal solution and embedded in glass 













Nanoparticles have been under investigation for several years for their uses in 
solar energy conversion, opto-electronics, and catalytic applications[1-7]. Gold 
nanoparticles have demonstrated themselves to be particularly well adapted to a variety 
of applications. They have been used in scattering studies[8], Raman enhancement 
studies[9,10], and in biological marking systems[11]. The versatility of these particles in 
spectroscopic situations is in large part due to the plasmon band. This absorption is 
extremely strong and tunable with the size, shape, and composition of the particles 
[12,13]. Understanding of dynamics of the excited electrons in this band is tremendously 
important to future applications. Previous studies of the dynamics of the plasmon band of 
colloidal gold particles have found a fast initial electron-electron/electron-phonon (on the 
order of a few picoseconds) relaxation followed by a longer phonon-phonon decay[12-
23]. The coupling of the electrons to the phonons of the particle lattice and to the phonon 
sea of the surrounding medium are integral the equilibration of the non-Fermi distribution 
to the initial non-thermalized state. The electron-electron and ballistic electron scattering 
components occur on the few femtosecond time-scale and are difficult to distinguish in 
the initial decay component, primarily because they are on the same scale as the laser 
pulse[12,13]. 
The excitation of the electron gas and coupling to the lattice can be described 
using the two temperature model (TTM)[24]. In the TTM, the heat capacities of the 
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lattice and the electron gas are described by a set of coupled differential equations shown 
below. 







κ )                       (1) 




∂ )                                                                   (2) 
where Tl is the lattice temperature, Te is the electron temperature, κ´is the electronic 
thermal conductivity, g is the coupling constant, and LP(z,t) is the spatial and temporal 
evolution of the laser pulse. 
The equations describe the heat capacity of the electron gas as small which means 
that the incoming pulse of energy quickly raises the electronic temperature of the electron 
gas creating a non-Fermi distribution. The thermalized electrons then dissipate their 
energy via electron scattering events, and couple to the lattice. The electron gas also 
couples a portion of the energy to the lattice of the particle. The larger heat capacity of 
the lattice compared to the electron(s) means the lattice temperature is much less than that 
of the initial thermalization of the electron gas [24]. The heated particle lattice can then 
also couple with the surrounding phonon sea. This can be affected by the composition of 
the particle as well as the dielectric constant of the surrounding material[25-29].  
The hot electron gas couples to the surface phonon modes via the acoustic or 
capillary modes. As Hodak et al [14-15,30] point out, the interaction with the acoustic 
mode leads to a change in the volume of the particles.  In their investigations of colloidal 
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particles they found the frequency of oscillation is linearly dependent on 1/R where R is 
the particle radius. In their samples the frequency varied from 1.0 cm-1 for 120 nm 
particles to 11.6 cm-1 for 8.3 nm particles. They find this is consistent with the spherical 
vibrational breathing modes of the particles and calculate an η = 2.95 ± 0.06 from their 
experimental results, where η is the an eigenvalue describing the breathing mode which 
in this case is the lowest radial mode. Whereas η = 2.93 for the lowest radial mode, 
showing good agreement between the experimental and theoretical values. They also 
attribute, as others do, the oscillation of the plasmon band to the coherent breathing of the 
particle. The breathing of the particle changes the electron density and thus causes the 
plasmon band to shift to the blue and red side of the equilibrium absorption. The physical 
explanation offered is that the heating of the lattice is caused by the electron gas energy 
dissipation. According to Hodak, for particles smaller than 8 nm, the heating occurs more 
rapidly than the frequency of the breathing mode leading to an impulse[15]. When 
studied as a function of power, as expected the particles show a decrease in the 
magnitude of the oscillations when compared to the bleach signal. Most importantly the 
cause for the decay of the oscillations is investigated and determined to be controlled by 
the polydispersity of the samples.  
Hartland et al have also explored the effect of using nanorods instead of 
nanospheres. Gold rods were synthesized electrochemically synthesized[31,32] with 
aspect ratios between 2 and 4.9 [33]. The transverse plasmon band was centered at 520 
nm and the longitudinal band varied from 600 nm and 840 nm. In the case of the 
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nanorods, as is seen by Hartland and others in spheres, an initial large magnitude signal is 
seen followed by an oscillation overlaid on the phonon-phonon decay component. When 
probed on the blue and red sides of the plasmon the rod signal is out of phase, though not 
completely out of phase as has been seen in sphere investigations. The rods also show 
several oscillations in contrast to the single “impulse” oscillation seen by Perner et 
al.[34]. However, Hartland et al did not perform the polarization experiments that 
displayed the unique traces seen in the work of Perner though the experiments from the 
rods were followed up by a theoretical treatment. Hu [35] determined that the heating 
causes excitation of not only the breathing mode of the rods but also the mode that is 
responsible for extension of the rod itself. The calculations show that there are in fact two 
different contributions to the observed dynamics. The lower frequency oscillations with a 
period of between 40 and 120 ps for aspect ration 2 and 6 ps are the result of the 
extension mode. The shorter period oscillations (~11 ps ) are assigned to the breathing 
mode. They propose that the extension mode dominate the observed dynamics because of 
the finite time scale that the heating occurs on.  
The intense heating of the nanoparticles caused by the laser pulse poses the 
question: Does the heating cause particle melting or deformation? Results from our lab 
have shown that indeed femtosecond laser pulses can be used to photothermally reshape 
gold nanorods. Hartland [30]et al have investigated the effects of femtosecond heating on 
the symmetric breathing mode of colloidal gold nanoparticles. They found that the period 
of the oscillation is dependent on the pump power , increasing as the power is increased 
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up to the melting point of gold. The particles are thought to not completely melt but to 
only partially melt and form a liquid shell on the particles. For example, the period of 50 
nm particles is observed to increase from ~16.6 ps to ~17.5 ps as the laser power is 
increased from 0 to 1.5 µJ [30]. The partially molten nature of the particle and thus the 
different speed of sound in the solid and liquid portions of the particles, which varies with 
pump power, leads to the damping of the oscillations. 
Hodak et al[14] also investigated the dynamics of core-shell particles composed 
of gold and lead. Gold was used as the core with variable thicknesses of lead as the shell. 
The gold core was kept a constant 47 nm and the thickness of the lead varied. It was 
found that the period of  the oscillation increased as the number of atomic layers of lead 
increased. The plasmon of the particle was primarily gold in character but was shifted 
because of the lead and is center around 500 nm with the lead present. They propose that 
the two layers act together during the oscillation when the lead layer is thin, but as the 
layer thickness increases the lead acts as a restraining force, like stiffening the spring in 
an oscillator, to retard the oscillations. They present a qualitative picture of the data.  
Voisin et al [19,36,22,23] focused on silver nanoparticles and investigated the 
coherent vibrational dynamics using femtosecond pump probe spectroscopy. The 
oscillation dynamics of the silver particles follow the same theoretical underpinnings as 
the gold oscillations. The heating of the electron gas transfers energy to the lattice which 
then oscillates in response to the cooling. However, the silver particles were grown and 
investigate in a glass matrix and prepared via heat treatment. The particles oscillate just 
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as in the colloidal case , however the oscillations decay much faster (<10ps). Other work 
by Voisin[22] has investigated the effect of the environment on the oscillation. Using 
essentially the same experiment as before, they were able to determine that the interaction 
between the particles and matrix drastically effect the relaxation of the oscillations. This 
is of particular importance when applied to the array particles since they are unique in the 
interaction with both air and the glass substrate. This substrate may act by damping the 
oscillations just as the lead overlayers used by Hodak do.  
When the electron gas is thermalized by the laser pulse, the impulse of the heat 
imparted to the lattice causes an expansion of the lattice coinciding with the lattice 
breathing mode. The expansion and contraction of the lattice changes the electron density 
of the particle and thus causes a shift in the plasmon band. The plasmon shifts to the blue 
and red of the equilibrium value with the oscillation of the particle. Thus if the dynamics 
of the particle are measured on the blue and red side of the equilibrium plasmon value, 
the oscillations will be π out of phase with each other. This oscillatory behavior has been 
studied for both gold and silver particles in colloidal solution and embedded in a glass 
matrix. In order to be able to detect such phenomenon the particle size dispersity must be 
extremely small. Otherwise the oscillatory behavior is averaged out by the different 
breathing mode periods of the different size particles. In order to achieve the highly 
monodisperse particle solutions necessary for work in colloidal solution, Hodak et al [14-
16,30] , have used gamma irradiation to synthesize the nanoparticle. The monodispersity 
of the solution makes the lattice oscillations easier to detect since almost all of the 
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particles will share the same oscillation frequency. Since the observation of this behavior 
is dependent on the size distribution of the sample, the nanosphere lithography method 
developed by Van Duyne et al.[36-38] offers an effective means to produce highly 
monodisperse samples. The unique geometry of the particles, truncated octahedral in 
contrast to the spherical shape of the previously studied particles, also provides an 
interesting comparison to that of the previously studied particles. The one disadvantage is 
the fact that the method of preparation can only produce one monolayer. Thus the density 
of these particles is too small to get strong signal. Here we present some evidence for the 




Regular arrays of silver nanoparticles were prepared using nanosphere 
lithography members of the VanDuyne group.[36-38] In short, an ordered layer of 
polystyrene nanospheres (Polysciences) was prepared on a glass coverslip ( Fisher 
Scientific. The coverslips were then mounted in a Denton DV-502A Thermal Evaporator 
to deposit gold in the spaces between the spheres. This gives rise to the triangular shape 
of the particles in the arrays. The height of the particles is determined by the mass 
thickness of material deposited and can thus be easily controlled. The thickness of the 
evaporated gold was monitored by a quartz crystal thickness monitor (Inficon). After 
evaporation the mask was removed from the substrate by sonicating for 30s in methylene 
chloride. The arrays were then allowed to dry overnight to allow any residual liquid to 
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evaporate. The size of the particles was then determined using a Quesant Q-SCOPE 
atomic force microscope (AFM). The average size of the particles was calculated to be 
approximately 90 nm wide using the geometric relations determined by Van Duyne et al 
[36] and 50 nm in height when 356 nm polystyrene spheres were used as the mask 
material. The AFM images are raw images uncorrected for tip convolution effects, and 
thus the particles appear larger than the calculated value. After removal of the nanosphere 
mask hexagonal arrays of nanoparticles were present on the coverslip, but did have some 
defect sites. The 50 nm gold films were prepared by simply evaporating gold onto clean 
coverslips.  The absorption spectra of the arrays and the films were then recorded using a 
Shimadzu UV-3101-PC spectrophotometer in standard transmission geometry. 
 
The dynamics of the arrays and the films were studied by using femtosecond 
pump-probe spectroscopy. The setup consisted of regeneratively amplified Ti:Sapphire 
laser system (Clark-MXR CPA 1000) pumped by the doubled frequency of a   
Nd:Vanadate laser (Coherent Verdi). The system repition rate was 1 kHz and produced 
100 fs (FWHM) duration pulses with energy of 1 mJ centered at 800 nm. A portion of the 
output beam was split off and focused on a 1 mm thick sapphire plate to generate a white 
light continuum for use as a probe beam. The remainder of the beam was then doubled by 
second harmonic generation to produce 400nm light for use as a pump beam.  
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The pump beam was then sent to a computer controlled variable delay line and 
then passed through a chopper to modulate the beam at 500 Hz with the same phase. It 
was then focused onto the sample. The continuum beam was split into probe and 
reference beams. The probe beam was focused onto the sample and overlapped with the 
pump beam, and then collected and focused onto a fiber optic cable coupled to a 
monochromator. The reference beam was focused onto a fiber optic cable that was 
coupled to the same monochromator. The kinetics measurements were made by 
monitoring the probe and reference beam signals using two photodiodes at the exit slit of 
the monochromator. The voltage from the photodiodes was then amplified and fed into a 
sample and hold system.  
 
 
Results & Discussion 
 
 The absorption spectrum of the 90 nm silver nanoparticles is seen in Figure 1. 
This spectrum is consistent with spectra of similar particles produced by Van Duyne et 
al.[36-38] with the center of the plasmon band at 650 nm. Figure 2 shows the dynamics 
of the silver arrays at different powers. The electron-phonon component decays in 40 ps 
with a long-lived phonon-phonon component that lasts for >200 ps. Work by Hartland 
[14-16] has shown that the initial fast absorption is caused by the rapid thermalization of 
the electron gas causing the absorption. The signal recovers and becomes a bleach which 
in our setup registers as a change in the phase read by the lock-in amplifier. The 
oscillations are then overlaid on the phonon-phonon decay curve component. The work 
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of Vallee et al[17-23] with silver particles embedded in a glass matrix is performed using 
sample composites containing particles from 2.1 to 15.3 nm radius. This is substantially 
smaller than the 90 nm diameter  particles we use. The differences in particle size will 
lead to a difference in the frequency of the acoustic breathing mode. Also , the 
homogeneous damping of the particles we are studying was found to be much stronger 
than in the case of the colloidal samples. They found that this was due to the larger 
acoustic mismatch of the particle and the surroundings as well as the increased 
contribution from the inhomogeneous damping in contrast to the colloidal particles. In 
contrast, the array samples offer a different environment from either the colloidal case or 
the composite case. The array particles are inhomogeneously damped since they are 
attached on one face to the substrate while being surrounded on the other sides by the air 
atmosphere. Other work by Vallee [22] has found that the simple harmonic description of 
the acoustic breathing mode of the particles is practically environment independent when 
the particles are treated as simple elastic spheres embedded in an elastic medium. The 
same work showed that though this is true, the damping of the oscillation is dependent on 
the environment particularly the interface between the particle and the medium. This 
raises the question of the effects of the unique nature of the array particle environment on 
the damping and oscillatory behavior of the particles.  
Perner et al.[34] have investigated the subject of oscillations in particles of non-
spherical particles. They studied the oscillations of ellipsoidal silver particles formed by 
deforming spherical particles grown in a glass matrix. The precursor silver particles had a 
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mean diameter of 60 nm and the resulting ellipsoidal particles had a diameter of 40 nm 
and length of 100 nm along the short and long axes respectively. The short and long axis 
plasmons were probed using parallel and perpendicularly polarized light. The results 
showed a difference in the periodic oscillation depending on which axis was probed. In 
the case of the short axis, the oscillation was extremely short, on the order of 22 ps, while 
the long axis oscillation was found to be considerably longer at 52 ps. The length of the 
long axis of the particle, and the asymmetry makes it much more comparable to the silver 
array particles, which are 50 nm high and 90 nm base width.  Also of note when 
comparing the array dynamics to those of the ellipsoidal particles is the behavior of the 
traces in the early time scale and the quick damping seen when the long axis is excited 
and when the short axis is excited. In either case after the absorption spike, which is also 
seen by other groups, the oscillations are very short lived and do not persist to an 
appreciable extent much beyond one period of the oscillation. However in the cases of 
particles in colloidal solution,  several oscillations are clearly visible in the dynamics. 
This can be attributed to the previously mentioned differences in damping between 
matrix embedded particles and those in solution due to the differences in the particle-
matrix environment. Perner et al fit their results using both an expression for the change 
in particle length due to expansion/contraction forces caused by the insertion/dissipation 
of energy in the lattice, [34,39] 






d σωρ =∆+∆+∆ 202
2
2                               (3) 
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where ρ is the damping due to the matrix, A is the surface area of the particle, m is the 
mass of the particle, ω0 is the vibrational frequency along a particular particle axis, and σ 
is the stress of the particle, and an expression for stress on the lattice due to this behavior. 
The foundations of the stress contribution equation are found in the lattice anharmonicity 
and the thermal effects of the free electrons and give equation,[24,39] 






where TL is the lattice temperature, Te is the temperature of the electron gas, CL is 
the heat capacity of the of the lattice, and Ce is the heat capacity of the electron gas. Thus 
the conclusion of Perner is similar to that of Valle[17-23] in that the coherent heat 
impulse from the excitation of the lattice, leads to a coherent expansion and contraction 
of the lattice. However, in the cases of Valle[17-23] and Hartland[14-16], the spherical 
symmetry of the particles leads to a long lived oscillatory component in the decay. The 
array particles studied here do not show such a pronounced oscillation at long times 
because of the anharmonicity introduced by both the unique geometry and particle-
environment interface present. As shown in Figure 2, the dynamics of the particle are 
similar in form to those obtained by Perner et al. The initial decay is that of the 
absorption induce by the fast thermalization of the electron gas. As stated previously, our 
experimental setup does not register this as a negative signal. This is followed by the 
phonon oscillation that dies out within 50 – 60 ps. This is consistent with the damping of 
the decay seen in the ellipsoidal particles. The same damping appears in Figure 3 
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showing the gold array particles. The similarity of the decays is consistent with the theory 
that the oscillation of the particle itself is independent of the medium considered as 
elastic spheres. In Figure 2 a) – b) and Figure 3 a) – c) show the power dependence of the 
silver and gold particles respectively. The gold oscillation is much less pronounced and 
requires a greater pump power to be used. The fast relaxation dynamics of gold have been 
explored by many groups, and it has been shown that the electron-phonon relaxation is 
faster than that of silver. In such a case it might be difficult to transfer the energy to cause 
the coherent vibration seen much more clearly in silver.  
 In conclusion, we present evidence of coherent acoustic breathing modes 
in gold and silver array nanoparticles. We have found that unlike spherical particles, the 
truncated tetrahedral array particles do not show a persistent oscillation on the long time 
scale. The oscillation is possibly damped by the anharmonicity caused by the attachment 
to the substrate and geometry of the particles. The similarity of the oscillation periods of 
the gold and silver particles is most likely due to the similarity of the particle-
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Figure 3-1 UV/Vis absorption spectrum of silver nanoparticle arrays prepared via  
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Figure 3-2 Decay dynamics of silver arrays (a)pumped at 400nm and probed at 650 nm.  
      
     Oscillation can be seen to decay in ~50 ps and intensity varies with power.  
 
     Oscillations observed by Perner et al using silver nanorods embedded in a    
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Figure 3-3 Decay dynamics of gold arrays pumped at 400nm and probed at 575 nm.  
   
  Oscillation can be seen to decay in <50 ps and intensity varies with power.    
 
  Decay of oscillation is much faster than in silver due to the inherently faster  
 
  cooling dynamics of gold particles 
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            CHAPTER  IV 
Medium Effect on the Electron Cooling Dynamics in  
Gold Nanorods and Truncated Tetrahedra 
 
Abstract 
The effect of the medium on the plasmon resonance of metallic nanoparticles has long 
been known. We present a study of the medium effects on gold nanorods and truncated 
gold tetrahedra. The increase on electron-phonon relaxation time, and rise of the phonon-
phonon component of the gold nanorods is presented. The effects of water, toluene and 
pyridine on the dynamics of nanlithographcally prepared gold nanoparticle arrays are also 
studied. It is found that the addition of solvent to the nanoparticle array system quenches 
the excited particles resulting in a shorter electron-phonon coupling time and the 











 The binding of gold nanoparticles to biological systems and its potential use in 
diagnostics[1] as well as medical treatment is becoming an active field of nanomaterial 
research. For example, recently Hamad-Schifferli et al.[2] showed that inductive coupling 
of a radio-frequency magnetic field to a metal nanoparticle, which is covalently linked to 
DNA increases the local temperature of the bound DNA, thereby inducing denaturation 
while leaving the surrounding molecules relatively unaffected. They showed high spatial 
localization of the denaturation, which might allow in the future controlling portions of 
proteins or nucleic acids while the rest of the molecule and neighboring species remain 
relatively unaffected. Due to the strong visible absorption of the surface plasmon 
absorption of gold nanoparticles and its convenient wavelength, laser photothermal 
treatment is also expected to be of wide future application. In material applications, laser 
pulses have shown to be useful in shaping noble metal nanoparticles[3-5] and narrow its 
size distribution[6]. For these reasons it is important to understand the mechanisms 
involved in the transfer of the excitation energy from the nanoparticle into the 
environment. Here we report a study on the electron relaxation dynamics and the thermal 
cooling of colloidal gold nanorods and truncated tetrahedra in air as well as in water after 
excitation with femtosecond laser pulses. It is found that that the local energy exchange 
with the surrounding medium for gold nanoparticles in water occurs on the few 
picosecond time scale comparable with the electron-phonon relaxation while a slow heat 
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dissipation by the water ensures that the particles remain heated for hundreds of 
picoseconds. 
 Gold, and more generally speaking noble metal nanoparticles larger than a few 
nanometers, show a strong absorption band in the visible, which is due to the coherent 
excitation of the conduction band (“free”) electrons. This absorption band is known as the 
surface plasmon resonance and depends on the particle size and even more importantly 
on the particle shape[3,7]. For nearly spherical particles only one resonance located around 
520 nm is seen for gold nanoparticles. For gold nanorods this plasmon absorption splits 
into two bands, known as the transverse and longitudinal plasmon resonances, which are 
polarized perpendicular and parallel to the long axis of the rod, respectively. While the 
transverse mode is relatively insensitive to the nanorod dimensions defined usually by the 
aspect ratio (length divided by the width), the longitudinal plasmon absorption band 
redshifts with increasing the aspect ratio[3,7]. Figure 1a (top spectrum, dashed line) shows 
the absorption spectrum of gold nanorods in aqueous solution having an aspect ratio of 
2.9 (length: 35 nm; width: 12 nm). 
 While the absorption spectrum of nanorods is a rather old problem and had long 
been solved by Gans[8], the development of preparation methods allowing size selective 
synthesis of many particle shapes and/or the separation of different particle shapes after 
the synthesis have allowed the study of the optical properties of other particle shapes 
recently. Examples of other nonspherical or noncylindrical shapes having also very 
different absorption spectra are silver nanoprism[9,10] and truncated tetrahedra[11]. The 
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latter are produced by a nanospehere lithography method developed by Van Duyne and 
coworkers[12,13]. In this method an ordered array of polystyrene spheres is formed on a 
glass substrate. A metal vapor is then deposited in the spaces between the polystyrene 
spheres by thermal evaporation of the metal. The size and shape of the structures can be 
controlled by the size of the polystyrene spheres, the deposition time[12] as well as the tilt 
angle[13] between the substrate normal and the deposition beam. In figure 1a an 
absorption spectrum of a gold particle array consisting of truncated tetrahedra is shown 
(dotted line). These particles, produced with a mask formed from 356 nm polystyrene 
spheres, are 90 nm wide at their base and 50 nm high as shown by the AFM image in 
figure 1b. The absorption band with a maximum around 650 nm is attributed to the 
plasmon resonance of the particles and was modeled accurately by Schatz and 
coworkers[11] taking into account the effects of a glass substrate and also the presence of 
different solvents covering the particle array. In the case of the ordered arrays, the 
plasmon band observed in the absorption spectrum will be the one polarized 
perpendicular to the incident light and hence parallel to the substrate surface. In solution, 
all orientations of the particles are averaged and therefore the two plasmon resonances for 
the gold nanorods are seen. Figure 1a further shows the effect of the surrounding medium 
on the plasmon resonance. The plasmon absorption is very sensitive to the dielectric 
constant of the surrounding medium as it redshifts with increasing its value[7,11]. This is 
seen when the gold particle arrays are immersed into a thin cell filled with water in figure 
1a (solid line). 
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 The electron dynamics in metallic nanoparticles have been followed in numerous 
studies[3,7,14-16]. In all cases a femtosecond laser pulse excites the electrons in the metal 
particles which leads to a strong increase in the sample transmission at the maximum of 
the plasmon resonance for gold nanoparticles. In the difference spectrum (excited sample 
minus unexcited), a strong bleach feature is therefore observed. Since the bleach is 
related to the increase in temperature of the electron gas, the bleach recovery then 
monitors the cooling dynamics of the electrons as they couple to the lattice vibrations. It 
was found that the electron-phonon coupling constant is independent of particle size or 
shape for gold nanoparticles[7,15] larger than 5 nm. 
The electron-phonon coupling constant is obtained in the low excitation limit, 
where the rise in the electron temperature is small (100 K) and the rise in the lattice 
temperature is almost negligible[14]. The plasmon band bleach recovery then follows a 
monoexponetial behavior with a subpicosecond time constant. As the excitation power 
and therefore the electron temperature are increased the relaxation times become longer 
(few picoseconds) which is due to the temperature dependent electronic heat capacity as 
modeled accurately for thin gold films within the two-temperature model[7,14,15]. While in 
thin films the heat transport and thermal equilibration can also occur via electronic heat 
diffusion, this is no longer possible in nanometer confined particles and heat exchange 
with the surrounding medium has to be considered as well. 
Figure 2a shows the bleach recovery dynamics of gold nanorods having an aspect 
ratio of 2.9 in aqueous solution for different pump intensities. The pump wavelength in 
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these experiments was set to 400 nm while the probe was 700 nm at the maximum of the 
longitudinal plasmon absorption. At very low pump intensities the signal decays 
monoexponetial with a time constant of about 1 ps, corresponding to the electron-phonon 
relaxation time τe-ph. As the pump intensity increases the electron-phonon relaxation time 
becomes longer and a second decay component is seen. The long decay component could 
be fit with a time constant between 150 – 200 ps for all excitation powers and was 
previously ascribed to phonon-phonon relaxation[7,15] between the metal nanoparticles and 
the surrounding medium. Figure 2b shows a plot of the electron-phonon relaxation times 
against pump power summarizing the trend from figure 2a. Also shown is the amplitude 
ratio between the fast and slow decay components. As the particles are heated to higher 
temperatures the long decay component becomes more important. 
 While most studies carried out so far have focused on the intrinsic electron-
phonon coupling in the metallic nanoparticles, the question of energy exchange with the 
surrounding medium has only been addressed recently[17-21]. This is a problem directly 
related to the photothermal reshaping of metallic nanoparticles with laser light. It has 
already been shown that gold nanorods can be transformed into spherical particles by 
exposure to laser light through a thermal reshaping (melting) process[3-6]. By using pulsed 
laser light with different pulse durations[5], it was found that the time scales of energy loss 
by the nanorod should not be faster than the rate of heating in order to induce such a 
photothermal reshaping process. The rate of cooling of the metallic nanoparticles is 
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influenced by the strength of the coupling to and the thermal properties of their 
environment. 
In a recent study by Hu et al.[17], it was shown that the phonon-phonon relaxation 
time is proportional to the square of the particle radius for spherical gold nanoparticles in 
aqueous solution. The effect of changing the surrounding medium was studied by El-
Sayed and coworkers[18,19] who found that both of the two decay components of the 
plasmon bleach recovery (electron-phonon and phonon-phonon) are influenced by the 
surrounding medium when the medium is changed from an organic solution to MgSO4 
powder[18] or from aqueous solution to a series of polymer gels[19] (hydrogel and different 
organic gels). The recovery times become slower when the thermal conductivity of the 
medium is decreased (as for hydrogel compared to the organic gels) or when the thermal 
contact between the particles and the matrix is decreased (as in the MgSO4 powder 
system). These results strongly suggest that the thermal properties of the surrounding 
medium and the surface properties of the metallic nanoparticles play important roles in 
the cooling dynamics of the hot carriers in metallic nanoparticles. Similar results have 
been obtained by Bigot et al.[20] who measured the relaxation dynamics of 6.5 nm silver 
nanoparticles embedded in two different types of transparent glasses (alumina and glass). 
An increase of the electron-phonon relaxation time from 0.77 to 1.4 ps was found when 
comparing the alumina and glass matrices, respectively. This was explained by the better 
heat conductivity of the alumina. An interesting study was also recently reported by 
Westcott et al.[21] who showed that the chemical nature of surface adsorbed molecules has 
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an effect on the electron dynamics of gold core-shell nanoparticles. They found a direct 
correlation between the electron dynamics and the dipole moment of the absorbed 
molecule. The study showed that molecules providing the strongest change in the 
dynamics (decreasing the electron relaxation lifetime from 2.7 ps to 1.7 ps) have the 
largest induced dipole moments near the metal surface. 
 In order to test the influence of the surrounding medium and especially the role of 
water in the studies on aqueous solutions of metallic nanoparticles we measured the 
electron dynamics of gold particle arrays. Their plasmon absorption is in a similar 
spectral range compared to the gold nanorods. Furthermore those particles are deposited 
on a glass substrate, but otherwise surrounded by air leaving only the base in thermal 
contact with another solid or liquid medium. The bleach recovery dynamics for these 
particles (shown in figure 3a) are probed close to the plasmon maximum at 650 nm after 
400 nm excitation. The excitation power was about 70 nJ. The plasmon band bleach 
recovers with a monoexponential time constant of 4.1 ps with no evidence of a long 
component. The absence of a long relaxation time on the 200 ps time scale is especially 
surprising given that the fast relaxation component is much slower than the 
corresponding value for the colloidal gold nanorods in the limit of low excitation powers 
(about 1 ps, see figure 2). Since the initially deposited energy has to be dissipated, the 
glass substrate, which is a good heat conductor and better than water, could serve as an 
energy sink. Evaporation of atoms by which the particles cool off could also be a 
relaxation mechanism, which we cannot rule out at this point. However, we do not 
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observe a permanent bleaching of the signal in successive laser scans suggesting that only 
a few atoms overall would take part in this cooling process. 
The relaxation dynamics change drastically when the gold particle arrays are 
immersed into water as shown in figure 3b. The fast relaxation time deceases to 2.6 ps 
and a longer relaxation time is now observed similar to the dynamics of the gold nanorod 
solution. This suggests that the addition of water quenches the heat of the gold arrays 
very rapidly, on the same time scale as the pure electron-phonon relaxation. Since the 
particles are in this case mainly covered by water on all sides, except for the base, a rapid 
local heating of the water must have occurred. The long relaxation component can then 
be attributed to the heat diffusion in water, which is consistent with the fact that a solid 
like the glass substrate is a much better heat conductor compared to water. This change in 
relaxation dynamics is reversed when the particle arrays are dried indicating that no 
permanent chemical change/reaction has taken place. 
 In order to further demonstrate the interaction principles toluene and pyridine 
were also used to cover the arrays. In the case of toluene no detectable second component 
was observed. However, when the arrays are covered with pyridine, a phonon-phonon 
component comparable to that observed when the arrays were covered with water. The 
toluene has an extensive and tightly bound pi system that has limited interaction with the 
thermally excited particles. The heat diffusion away from the particles into the 
surrounding medium is therefore limited by this lack of interaction.  
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 VanDuyne et al. have demonstrated the almost irreversible binding of pyridine to 
gold array particles. The thermal properties of pyridine are also very similar to those of 
toluene and thus facilitate the comparison of the pyridine interaction with that of toluene 
or water. The similarity of the thermal properties with toluene and the presence of lone 
pair electrons as in water allow for information on the importance of each interaction to 
be probed. As shown in Figure 4 , when pyridine is added the phonon-phonon component 
becomes extremely pronounced. This is indicative of the quenching that was seen in the 
case of water. This leads to the conclusion that the quenching of the heated gold arrays 
must be dependent on the amount of interaction of the solvent with the particles. If this 
quenching was dependent solely on the thermal properties of the solvent, then the 
relaxation times of the pyridine and toluene would be very similar, as the thermal 
conductivities of the two are 0.165 W/m K and 0.131 W/m K respectively. However, as 
noted earlier, both the initial relaxation times and the phonon-phonon component are 
drastically different. 
 In summary, we have shown the role of the surrounding medium, and in particular 
water, on the electron cooling dynamics of metallic nanoparticles. At higher excitation 
powers, local heat exchange close to the surface of the nanoparticles appears to take place 
on a time scale comparable to that of electron-phonon processes. The slow relaxation 
(~200 ps) observed in water and pyridine is therefore assigned to mainly the heat 





We would like to thank Lynn Peyser for help with the AFM characterization. This work 
was supported by the Materials Research Division of the National Science Foundation 




Colloidal gold nanorods with an aspect ratio of 2.9 (width 12 nm ±2) were 
synthesized by a modified version of the seed-growth method[22] developed by Jana et 
al.[23]. The seed solution consisted of 5 ml of 0.2 M CTAB solution mixed with 5 ml of 
0.0005 M HAuCl4. To the stirred solution, 0.6 ml of ice-cold 0.01 M NaBH4 was added. 
Vigorous stirring of the seed solution was continued for 2 minutes. After stirring, the 
solution was kept at 25 °C. The growth solution was prepared with 5 ml of 0.2 M CTAB 
added to 0.1 ml of 0.004 M AgNO3 solution. To this solution 5 ml of 0.001 M HAuCl4 
was added and after gentle mixing of the solution, 70 µl of 0.0788 M ascorbic acid was 
added. In the final step 12 µl of the seed solution was added to the growth solution. The 
size of the gold nanorods were determined using TEM. 
 Regular arrays of gold nanoparticles were prepared using nanosphere lithography 
following the method developed by van Duyne and coworkers[12,13]. An ordered layer of 
356 nm polystyrene nanospheres (Polysciences) was prepared on a glass coverslip (Fisher 
Scientific). The coverslips were mounted in a Denton DV-502A Thermal Evaporator to 
deposit gold in the spaces between the spheres. The thickness of the evaporated gold was 
monitored by a quartz crystal thickness monitor (Inficon). After evaporation the mask 
was removed from the substrate by sonicating for 30s in methylene chloride. The size of 
the particles is determined by the polystyrene mask and was 90 nm wide at its base and 
50 nm in height in these studies as verified using a Quesant Q-SCOPE atomic force 
microscope (AFM). 
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Absorption spectra were recorded using a Shimadzu UV-3101-PC 
spectrophotometer. Transient absorption studies[18,19] were performed using an amplified 
Ti:Sapphire laser system (Clark CPA 100). The second harmonic of the 800 nm 
fundamental was used as excitation and a white light continuum probe beam was 
generated by focusing a small part of the fundamental beam into a saphhire window. The 
pump beam was mechanically chopped and the differential transmission signal was 
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Figure 4-1: (A) UV-vis absorption spectra of a colloidal gold nanorod solution with an 
aspect ratio of 2.9 (dashed line) and gold arrays of truncated tetrahedra produced by 
nanosphere lithography in air (dotted line) and after immersing them in water (solid line). 
(B) AFM image of 4 µm x 4 µm area of nanolithographically prepared gold particle 
arrays. Particles are 50 nm in height and approximately 90 nm in width at the base 
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Figure 4-2: (A) Pump power dependence of the bleaching of the longitudinal surface 
plasmon band of colloidal gold nanorods observed at 700 nm after excitation with 400 
nm femtosecond laser pulses. (B) Plot of the fast relaxation time (solid squares) and the 
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Figure 4-3: Plasmon band bleach dynamics of gold arrays observed at 650 nm after 
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Figure 4-4 Dynamics of Au arrays in different solvents. Dramatic increase in phonon- 
 







Effect of Pt, Pd, and Rh Nanoparticles on the Peak Power of Polymer  
 









The effects on the power output of polymer electrolyte membrane fuel cells with Pt, Pd, 
or Rh, doped proton exchange membranes were studied. The studies show a significant 
increase in the peak power with the addition of the nanoparticles over that of the 
unmodified membrane. In this study we have determined that the modification of Nafion 
membranes with Pt, Pd, or Rh nanoparticles increase the peak output power of the fuel 
cells by varying amounts. It has been determined that Pt enhances the power output more 
effectively than either Pd or Rh. This increase is 40 % to 50 % over the power output of 
the unmodified cells. The effect of the addition of the nanoparticles on the oxygen 
reduction reaction is found to be more than when it is placed on the H2 side.  This 
together with the observation that Pt nanoparticles are more effective than Pd 
nanoparticles is consistent with the mechanism in which the electron density of the metal 





 Though the study of single crystals under ultra-high vacuum [1] has done much to 
elucidate the catalytic process, since the early 1940s the potential use of transition metal 
nanoparticles in catalysis have attracted a great deal of interest[4].  These particles have 
been the subject of study in solution [1,2], in polymers [3], and immobilized on supports 
[4-6]. The wide variety of media in which these particles can exist in have facilitated their 
use in exploring their catalytic properties in a wide variety of reactions including, but not 
limited to, hydrogenation [5], CO oxidation[4], Suzuki coupling reactions [3], and 
isomerization [4].  
 Particles within this size range exhibit interesting properties that are unique to 
their small size. As the number of atoms in the particle decreases, the fraction of the 
number of atoms on the surface to the total increases. This increases the surface to 
volume ratio of the particles and thus increases the number of atoms per gram of the 
catalyst that can be involved in the catalysis process. Furthermore, as the size of the 
particle decreases, the chemical activity of the surface atoms is expected to change due to 
an increase in the surface tension of the particle with decreasing size and increasing 
curvature.   
 Rampino et al[1] studied the effect of size on rate of hydrogenation using 
platinum and palladium particles capped with polyvinyl alcohol, methyl methacrylate , 
and polyacrylic acid methyl ester. They compared the rates of hydrogen uptake of the Pd-
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PVA catalyst with the uptake rates of several commercially available catalysts of known 
activity. Their test shows that the uptake rate of the Pd-PVA catalyst is almost 5 times 
larger than the uptake of the Pd-C catalyst. These early results set the context for 
investigations of metallic nanoparticle catalysis showing the much greater efficiency of 
the nanoparticles over standard catalysts. 
More recently, groundbreaking work by Schmid[4,5] and Bonnemann[4,6,8] has 
shown the effect and uses of nanoparticles in heterogeneous catalysis process such as 
hydrogenation and hydroformylation reactions. In Schmid’s early work he found that, in 
order for the catalyst to survive the reaction and maintain its effectiveness, it was 
necessary to support the particles on substrates such as TiO2 or Al2O3 [9]. In these studies 
the ability of small rhodium and palladium particles to catalyze the hydroformylation of 
ethene was explored. These particles were supported on TiO2 and a Na-Y zeolite. These 
catalysts are produced by chemisorption of the particles onto the support surface via 
addition of the support to a solution containing the particles. This results in loading of 5% 
and 1.5 % by weight for the zeolite and the TiO2 respectively. The catalytic effect of the 
particles was tested heterogeneously on the hydroformylation reaction of ethene, however 
the deactivation of the surface due to by-products formation led to the study of these 
species using an aqueous suspension of the particles. The limited solubility of the by-
products in the aqueous media decreases the chances of catalyst deactivation. The studies 
of ethene hydroformylation, using 1 % loading , achieved a turnover frequency of 140 
mol mol-1 min-1 while similar studies using propene led to turnover frequencies of 400-
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600 mol mol-1 min-1. These turnover frequencies are much higher than those found using 
homogeneous catalysts, but show decreased selectivity.  
The hydrogenation of 1-hexene[5] was investigated using small Pd particles on 
TiO2. In these studies the difference in effectiveness between the supported particles and 
commercially available catalysts is truly remarkable, with 100% conversion to the alkane 
by the supported particles and only 29.7% conversion by the commercial catalyst. 
Similarly impressive results are achieved with diverse compounds such as 
dicyclopentadiene (100%), 1-hexyne (97.5%), and crotonaldehyde (95.1%).  These 
catalysts not only show an increased effectiveness over traditional catalysts, but in 
contrast to the rhodium particles, show no deactivation even after many cycles.  
Studies by Bonnemann[6] using rhodium nanoparticles have also shown vastly 
increased activities. The hydrogenation of butyronitrile was performed using a 
commercially available 5% Rh on charcoal catalyst and a 5% Rh on charcoal 
nanoparticle catalyst. The difference in activity is astounding, with the nanoparticle 
catalyst having essentially double the activity of the commercially available catalyst at 
the same loading. The colloidal Pd nanoparticle catalyst also shows an increased lifetime 
over conventional catalysts, lasting approximately 2.5 times longer than the conventional 
catalyst. These studies eloquently show the enhanced activity of transition metal colloid 
based catalysts in relation to the activity of comparable commercially available catalysts.  
In our lab we have shown in a Science report [10] that polymer stabilized 
platinum and palladium nanoparticles of different shapes can be synthesized using a 
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hydrogen gas reduction in an aqueous solution[10]. This relatively simple method allows 
us to produce nanoparticles of tetrahedral, cubic, and truncated octahedral shapes. Each 
shape has its own characteristic crystal facets that can catalyze surface reactions. It has 
been shown from work on single crystals that certain reactions are sensitive to the surface 
structure of the crystal. This sensitivity can take the form of enantioselective reactions, 
and or simple selectivity towards product formation only using a certain facet[11]. In the 
case of our particles different shapes have different facets. The cubes only have (100) 
facets, while the tetrahedral have only (111) facets.  Recent work by our group has 
already shown that these catalysts are effective in the catalytic hydrogenation of 
propylene[7]. Others have also shown that platinum/gold alloys can be used to catalyze 
the reaction of H2 and O2 up to 50 times the normal rate[12]. 
B. Fuel Cells 
Fuel cells have long been of interest as an alternative energy source in a wide 
variety of applications ranging from the space program[13] to more terrestrial concerns 
such as a replacement for the aging internal combustion engine[13]. While some 
applications have been realized, such as the use of fuel cells in some bus systems and 
cellular phone batteries, there are still many areas that could benefit from the use of fuel 
cells as an energy source. The auto industry is one of the most promising sectors for 
growth, primarily because of the higher efficiency and lower emissions of a fuel cell 
system relative to the conventional internal combustion energy. While conventional 
combustion engines reach only ~30% efficiency, low temperature fuel cells could 
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routinely reach efficiencies of 40% - 50% with emissions of only water vapor. Using 
such technology in only a fraction of the cars produced in the next decade could 
significantly reduce the amount of greenhouse gases for which the US is responsible, as 
well as increase energy security by reducing the dependence of the US on oil imports. 
 Larger scale fuel cells using a variety of different fuels also hold promise as a 
cleaner replacement for present day fossil fuel based power plants[13]. Running on 
renewable resources and emitting almost no waste gases, these plants generate power not 
only by conversion in the fuel cell but also by utilizing the waste heat for power 
generation increasing the efficiency of the process further.  
 Fuel cells can generally be broken down into four different types: polymer 
electrolyte membrane/phosphoric acid , molten carbonate, solid oxide, and alkaline fuel 
cells each with its own unique advantages and disadvantages. 
 Alkaline fuel cells have already found uses in a variety of capacities including 
power generation on the space shuttles. Alkaline fuel cells operate using the following 
reactions[13]: 
Anode : 2H2 + 4OH- → 4H2O + 4e-
Cathode : O2 + 2H2O + 4e- → 4OH-
          Overall:   2H2 + O2  2H2O + energy 
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These cells often run at temperatures ranging from 100oC to 250 oC, and use highly 
corrosive concentrated KOH as the electrolyte. These cells are extremely sensitive to CO 
and must be fed only the purest gases in order to operate at peak performance. This 
combination of high temperature and highly corrosive electrolyte makes these cells 
dangerous to use outside of a tightly controlled environment.  
 Molten carbonate fuel cells work at even higher temperatures,600oC- 800oC but is 
much more tolerant of feed gas impurities. These cells are often fed with commercial 
natural gas and steam. Molten carbonate fuel cells work by the following reactions[13]: 
 
            Anode : CO32- + H2 → H2O + CO2 + 2e-
Cathode : CO2+ 1/2O2 + 2e- → CO32-
                   Overall:   H2 + 1⁄2 O2  H2O + energy 
 
 These react at the anode with the carbonate ions generated at the cathode by the 
reduction of oxygen and CO2. These cells have already been tested as stationary power 
and co-generation systems. 
 The heart of the solid oxide fuel cell is a solid electrolyte element. In these cells, 
the operating temperatures are between 600 oC – 1000 oC in order to make the solid 
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electrolyte sufficiently conductive to ions.  The following reactions generate the flow of 
electrons necessary for cell operation[13]:  
Anode: H2 + O2-  H2O + 2 e-
             CO + O2-  CO2 + 2e- 
             Cathode: O2 + 4e-  2O2- 
             Overall: H2 + CO + O2  H2O + CO2 + energy 
One of the main advantages to this type of fuel cell is the lack of catalyst. This drastically 
decreases the cost of such cells for large-scale implementation in generation or back-up 
systems.  
 The direct methanol fuel cell has also shown considerable promise as a low 
temperature system to deliver limited amounts of power. This type of fuel cell, however, 
does require more catalyst than other fuel cells. However, these cells do offer the 
advantage of using a liquid fuel that is abundant and does not have the flammability or 
toxicity problems associated with some of the other fuel cell types. Electricity is 
generated by the following reactions[13]: 
Anode: CH3OH+ H2O → CO2 + 6H+ + 6e-
Cathode: 3/2O2 + 6H+ + 6e- →3H2O 
Overall: CH3OH+ 3/2O2 →CO2 + 2H2O 
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This technology[14] has already been applied to several consumer electronics markets 
with moderate success. 
Many previous studies[19-30] and patents[15-18] have focused on enhancing the 
porous carbon electrode or the catalyst layer using supported catalysts. Theses methods 
vary from sputtering a thin layer of Pt on to the gas diffusion electrode [19] to reduction 
of organometallic precursors onto supports for use in the catalyst layer [6,8]. The effect 
of sputtering Pt on to the carbon electrodes on the oxygen reduction reaction kinetics was 
recently studied by Mukerjee et. al [19]. The sputtered layer electrodes had Pt 
nanocrystallite with an average size of 25-30 Å on the surface. The loading of the catalyst 
layer was held constant at 20% Pt/C in the carbon cloth catalyst layer. They found that 
the addition of the small Pt nanocrystallites caused a 4-fold improvement in the oxygen 
reduction reaction at 0.9V and a 3.6-fold improvement in the exchange current densities. 
This study illustrates how the accessibility of the oxygen to the Pt nanocrystallites vastly 
increases the efficacy of the process. 
 Recent work by Bonnemann et al[8] has explored the idea of using a bimetallic 
colloidal precursor on polymer electrolyte fuel cell anode to improve the CO tolerance. 
Pure platinum catalysts suffer from poisoning problem resulting from CO adsorption on 
the surface. However, this problem has been addressed by the development of alloy 
catalysts that are much more resistant to poisoning than the pure metals. Bonnemann et al 
seek to take advantage of not only the increase in activity shown with nanoparticles, but 
also the CO resistance introduced by alloying with other metals. The platinum precursor 
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colloids were produced by coreduction of platinum and ruthenium chloride using 
tetractylammonium-triethylhydroborate in THF. The platinum-ruthenium and platinum-
tin particles are produced via a multi-step borate reduction mechanism. The platinum-
ruthenium particles are also synthesized via a trialkylaluminum reduction. The particles 
were then deposited on a Vulcan XC72 substrate. The capping layer was then removed 
by reactively annealing at 300oC in a 10% O2 in N2 atmosphere and then at 300oC in pure 
H2. The particles were then deposited onto a glassy carbon electrode and then fixed with 
Nafion solution. These catalysts show a slightly higher activity towards the reduction of 
H2 than commercial catalysts as well as having essentially the same activity even when 
2% CO is added to the reaction mixture.  
Obviously, to realize these goals much more basic research needs to be done to 
increase the amount of energy the cells can produce so that one day they may become as 
ubiquitous as standard flashlight batteries. One method by which this can achieved is by 
increasing the efficiency of the conversion of the cell. The most interesting way to 
achieve this is to use the advantages afforded by novel nanomaterials, specifically, 
transition metal nanoparticles. 
 Our primary interest is in the polymer electrolyte fuel cell, and more specifically 
in the proton conducting membrane sandwiched between the electrodes. In the polymer 
electrolyte fuel cell, a feed stream of hydrogen is fed to the anode and there split into 
individual protons giving up two electrons. The electrode often has a thin layer of 
platinum either on it or adjacent to it in a carbon support matrix. The electrons travel 
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through the external circuit, while the protons are conducted through the polymer 
electrolyte to the cathode where the oxygen is reduced and combines with hydrogen to 
give of water and energy as shown here[13]: 
Anode: 2H2 →4H+ + 4e-
Cathode: O2 + 4H+ + 4e- →2H2O 
Overall: 2H2 + O2 →2H2O + energy 
 These cells hold the advantage of their low operating temperature (<80 oC) and their 
relatively high efficiencies of ~ 50%. Unfortunately, the catalyst is very sensitive to the 
purity of the feed gases and thus easily poisoned. Our proposed research focuses on the 
modification of the polymer membrane with the addition of shape controlled Pt 
nanoparticles. We shall use our hydrogen reduction technique[10] to synthesize shape 
controlled alloy nanoparticles designed for poisoning resistance and to increase catalytic 
activity.   
 Watanabe and co-workers have recently reported data [14] on the incorporation of 
platinum nanoparticles into the membranes of polymer electrolyte fuel cells. They used 
membranes containing Pt, TiO2, and Pt-TiO2 particles. The primary focus of their work 
was the suppression of gas crossover and to introduce a method to control self-
humidification of the membranes. The platinum particles were produced by soaking the 
membranes in a precursor solution consisting of [Pt(NH3)4]Cl2 overnight. The ions were 
reduced to the metal by reacting with excess neutral hydrazine overnight. TEM images of 
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the particles confirmed the size range of 1-2 nm. The terminal voltage and power density 
measurements show a substantial increase in the performance of the modified membranes 
versus the unmodified ones. While they conclude that many of these effects are due to the 
better water distribution achieved with their particles, they make no mention of the 
catalytic enhancement of the oxidation of the hydrogen or reduction of the oxygen.  
 We have modified the commercially available fuel cell (H-Tec) and studied the 
effect of depositing platinum nanoparticles within the membrane on its performance. 
Figure 5-1 shows the effect of the deposited Pt in the membrane on the relative power of 
the cell. Indeed, there is over 60% enhancement of the relative power at a cell potential of 
0.4 V when platinum nanoparticles are grown within the membranes. This has 
encouraged us to move our research in this direction.   
Experimental 
 
The synthesis of transition metal nanoparticles has been reported by our labs with the 
ability to control the size and  shape distribution of the nanoparticles[10]. We propose to 
use a modified version of this method to synthesize transition metal and composite 
nanoparticles inside the Nafion membranes. First, a section of Nafion membrane is added 
to a three-neck flask containing a 1x10-4 M solution of the salt of the metal of interest. 
The solution is degassed by bubbling Ar through it for approximately 30 min. The metal 
ion is then reduced by bubbling H2 through the solution for 5-10 minutes. In order to 
have as clean a particle surface as possible, the polymer capping material that is normally 
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used to stabilize the particles is not used. The pores of the membrane essentially become 
the stabilizing capping system for the particles. Synthesizing different solutions and then 
removing the membranes at different intervals can enable us to monitor the progress of 
the growth.  
 The electrical measurements are made using a fuel cell setup purchased from 
Solar Hydrogen Systems as shown in Figure 5-2. The cell consists of two Lucite outer 
blocks with H2 inlet and outlet on one side and O2 inlet and outlet on the other. Inside is a 
typical PEM fuel cell layout containing an ion conducting membrane sandwiched 
between two conductive carbon sheets, which are in turn pressed between the electrodes. 
The entire system is kept pressed tightly together by tightening two screws. The build up 
of water vapor from the reaction is limited and any that is noticeable is reabsorbed by the 
membrane.  
 The fuel cell is attached to a homemade load box consisting of a variable resistor 
as well as a multimeter and a Pine Instrument Bipotentiostat. The current and voltage are 
then read out to compare the properties of the different membranes to that of an 
unmodified membrane from the same film casting.  
 
-Effect of Pt, Pd, Rh 
 
 As shown in previous studies [1-3,31], the efficacy of transition metal 
nanoparticles for catalyzing reactions has been proven. As shown in Figure 5-1, the peak 
power generation capacity of the transition nanoparticle modified Nafion™ is increased 
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with respect to that of the cell using the standard membrane. The addition of the 
nanoparticles catalyzes the oxygen reduction reaction, as will be discussed later. This in 
turn increases the overall measured potential from the fuel cell reaction. In standard fuel 
cells the catalyst resides in the carbon paper sandwiched between the electrode and the 
membrane. The catalyst grown on and in the membrane acts as a second catalytic layer 
on which the catalytic reduction of oxygen can take place. It is well documented for gas 
phase systems that the presence of atomic scale kinks and defects can lower the activation 
energy for reactions on that surface. In this case the transition metal nanoparticles present 
act as secondary catalyst for both the oxidation of hydrogen on the anode side of the cell 
and the reduction of oxygen on the cathode side of the cell.  
 Several groups have seen an increase in power by using nanomaterials and 
clusters on carbon and TiO2 supports in Nafion on rotating disk electrodes. By modifying 
the membrane directly for use in operating fuel cells we endeavor to test these materials 
in a real world environment. As proof of concept we first attempted modification of the 
membrane with platinum particles. As shown in Figure 5-1, the addition of Pt particles on 
the surface increases the peak power from 19 mV to 29 mV using a dry membrane in the 
synthesis. As shown the dry membrane, when added after the Pt salt has been added, 
absorbs the Pt ion more readily and enhances the growth of the particles. Work by 
Watanabe and co-workers have shown that the addition of carbon supported Pt particles 
assists in the continued hydration of the Nafion membrane, which must remain moist to 
function as a proton conductor. In this case the platinum is inside the membrane as 
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opposed to located on the surface, as is the case in our method. In order to determine the 
effect of the nanoparticle impregnation, we studied the concentration, pH , and 
composition dependence as discussed in latter sections. 
 The membranes were also impregnated with Pd and Rh nanoparticles. Rhodium 
has shown catalytic activity in many organic and gas phase reactions [11]. The 
membranes were impregnated using the same method as for Pt. As shown in Figure 5-3 
(a) the Rh membranes also show an increase from 26 mV to 29 mV over the power 
output of the standard membranes. Though the increase is not as much as that of the Pt 
membrane it is an important increase. Though rhodium is a less potent catalyst than 
platinum for this type of reaction, it fulfills the same role as the platinum particles, 
assisting in the oxidation of hydrogen and the reduction of oxygen. The effect of pH and 
concentration are discussed in following sections.  
 Palladium particles were also synthesized in the membranes and showed an 
increase in power output, though still not as large as the increase seen with the addition of 
platinum nanoparticles. As shown in Figure 5-3 (b) , the modified membranes show an 
increase from 26 mV for the unmodified membrane to 28 mV. As previously discussed, 
the Pd particles offer enhanced surface area on which the oxidation and reduction 
reactions can take place. Alloy, pH, and precursor concentration were also investigated to 





-Effect of different synthesis pH and precursor concentration on film power 
 
The effects of different pH and precursor concentration on the power output of the 
final membranes were investigated. In the cases of the pH studies the pH was adjusted 
using either 0.1 M NaOH or 1M HCL with the pH being adjusted after the introduction of 
the membrane. It has already been shown that the shape of transition metal nanoparticles 
can be affected by the pH of the synthesis solution. Thus the pH would have an effect on 
the particles synthesized with the membrane. As shown in Figure 5-4 (a), the increase 
from 19 mV to 30 mV across the pH range from 8.50 to 7 can be illustrated most 
dramatically with rhodium particles. This is in agreement with previous work from our 
group which shows the dependence of rhodium nanoparticle shape on the solution pH. 
This can directly affect the size and shape of the nanoparticles. The rhodium particles 
synthesized at pH 7 show the largest increase in the overall power output. This is also the 
pH most used in solution measurements, and has been shown to produce extremely small 
particles of a mostly tetrahedral shape. Both the platinum and palladium particles have 
also been shown to have a dependence of shape on the synthesis conditions, so the effects 
of different pHs were studied as well.  
 Platinum also shows dependence of output power on pH. As shown in Figure 5-4 
(b) , the power output is at the maximum at pH 7. This pH is also where best results have 
been obtained for the colloidal synthesis of both types of particles. The pH sensitive 
nature of the polymer membrane itself may also affect the power output by indirectly 
influencing the proton conductivity of the membrane. At pH 7, after the adjustment with 
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HCl and NaOH, the membrane is in a protonated state and can easily conduct the protons 
when in operation. However, at the basic pH, the protons in the membrane may be 
depleted which leads to diminished proton conduction as well as affecting the particle 
nucleation and growth.  This can lead directly to a decrease in the output power of the 
fuel cell at operation. At acidic pH, there would not be much change in the membrane, 
only an increase in the protonation of some sites in the membrane. This would only 
slightly increase the proton conductivity and would have a much larger effect on the 
particle shape and thus influence the output power in that manner.   
 The effect of concentration was also investigated to determine if the production of 
more particles would lead to increased output. While there were some runs where the 
output was greater than that of the blank membrane, in general the increase of 
concentration had very little effect as shown in Figures 5-5 (a), (b), and (c). The 






The effects of alloying two metals, platinum and palladium, were of interest to 
increase catalytic effect. Both metals are catalytically active, though the addition of 
palladium adds an increased resistance to carbon monoxide poisoning, a source of 
performance degradation and deactivation. The alloys were synthesized by varying the 
precursor composition from 100 mol % Pt to 100 mol% Pd as shown in 6-1 and 6-3 (b). 
 111
The performance of both the 100 % Pt and 100 % Pd membranes were as previously 
evaluated with the peak powers being significantly higher than those of the blank 
unmodified membranes. Due to the method of synthesis, these particles are most likely of 
homogenous composition with respect to the platinum and palladium. As shown on 
Figure 5-6, the alloy particles show less activity (lower output power) than the pure metal 
particles. The increased palladium in the alloy dilutes the platinum surface sites available 
for reaction. Though the palladium does catalyze the reaction, it does so with far less 
affinity than platinum. Though various other metal alloys have shown promise as 
catalysts, specifically Pt/Au catalysts for the H2/O2 reaaction, many other alloys have 
proven to be significantly less effective.  
 
-Oxygen Reduction Studies W/ Pt, Pd 
 
 Many studies[32,33] have focused on the oxygen reduction reaction mechanism 
and catalysis for fuel cells. In order to determine whether the platinum and palladium 
catalyst catalyzed either the reduction or oxidation reaction more favorably, the power 
output was measured with the catalyst on different sides. The modified membrane was 
placed in the fuel cell assembly along with an unmodified membrane. By switching the 
side the catalyst was on, the effect on each reaction could be measured. As shown in 
Figure 5-7, the output power of the reaction was higher when the catalyst is on the 
oxygen reduction side. When the catalyst is on the oxidation side, little difference is seen. 
This leads to the conclusion that the catalyst is enhancing the reduction of the oxygen. In 
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Figure 5-7 (b), it can be seen that there is also a difference using the palladium particles. 
The difference is smaller than with the platinum particles, but this is because of the 
smaller catalytic effect of the palladium in general when used in this system. In both 
cases the mechanism is most likely similar to that of the bulk, with the metal catalyzing 
the breaking of the molecular oxygen bonds, thus accelerating the uptake of the electron 
from the oxidized hydrogen. The higher electron density of the metallic platinum makes 
it easier for the oxygen to bind and stabilizes the intermediate structure. The lower 
electron density of the palladium decreases the amount of density that can be donated to 
the oxygen as well as decreasing the stabilizing effect that can take place. The platinum 
therefore increases the power output when catalyzing the oxygen side of the cell more 
than palladium in the corresponding position.  
Conclusions 
 
 Our work with Pt, Pd, and Rh nanoparticle modified fuel cell membranes has led 
to number of observations. First, the wet chemical synthesis method used by our group to 
produce shaped transition metal nanoparticles can be used to produce capping material 
free particles in and on the surface of polymer electrolyte membranes. This allows the use 
of particles with minimum surface contamination as well as not needing a support and 
they can be used with pre-cast films that are available in bulk. Secondly, platinum , as 
was expected, proved to enhance the power output of the fuel cells by up to 60 % by 
catalyzing the oxygen reduction reaction. The higher electron density of Pt makes it a 
better catalyst as well as enhances the O2 reduction. Palladium has also been shown to 
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significantly increase the output, while rhodium only slightly increases the output of the 
cells. The effect of pH and concentration has been determined for platinum, palladium 
and rhodium modified membranes, and the overall determination that the addition of 
transition metal nanoparticles to the polymer membrane does in fact enhance power 
generating capabilities of the fuel cells. 
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Figure 5-1 Comparison of platinum modified, unmodified, and different time increments  
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Figure 5-3 Power comparison of both regular and rhodium modified membranes (a).  
 
                 Power  curve of fuel cell modified with palladium particle impregnated  
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Figure 5-4 Dependence of power on platinum (a) and rhodium (b) on particle synthesis  
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Membrane modified using double 





























































Figure 5-5 Dependence of fuel cell power on rhodium (a), Pt (b), and Pd (c)  salt  
 

































































Figure 5-6 Dependence of peak power on mole fraction of the platinum and  
 















































Figure 5-7   Power dependence of platinum (a) and palladium (b) catalyst membranes on  
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PROPENE HYDROGENATION OVER TRUNCATED 




Colloidal Pt nanoparticles synthesized by a 1:5 concentration ratio of K2PtCl4 to 
polyacrylate were loaded on nanoporous alumina using the impregnation method at room 
temperature. The deposited Pt particles, present on the external surfaces of the support, 
were characterized by transmission electron microscopy, which indicated predominantly 
truncated octahedral (TO) shapes with a mean diameter of 10 nm. Their catalytic 
performance in the hydrogenation of propene at 30-80 C was studied as a test reaction. 
The initial rate, reaction order, rate constant, activation energy, and turnover frequency 
were determined. The activation energy was found to be 8.4 ± 0.2 kcal/mol, which is 
slightly lower than results reported for other platinum systems (10-14 kcal/mol). The TO 
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platinum nanoparticles have atom-high surface steps, ledges and kinks and these atomic-
scale fine structures are expected to decrease the activation energy. The reactivity of the 
surface atoms in this nanoparticle is so high that above 50 C side reactions leading to 
complete surface poisoning take place within a few minutes. The effect of the polymer 
concentration of the polyacrylate-capped TO Pt/Al2O3 on the hydrogenation catalytic 
activity was also investigated.  
 
1. Introduction 
Transition metals have long been used in the catalysis field(1-15). The field of catalysis 
on transition metal surfaces is rich in activity and has been carried out as early as 1823 
(14,15). However, active studies on catalysis with nanoparticle surfaces is a very young 
field but is increasing in activity almost exponentially.(16) 
Nanometer-sized colloidal metal particles are of great interest in modern chemical 
research, where they find application in such diverse fields as photochemistry (17), 
electrochemistry (17-19), optics (17-21), and catalysis (16, 17, 22). The chemical and 
physical properties of these particles are distinct from those of the bulk phase and those 
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of isolated atoms and molecules. In relation to catalysis, this difference was noted very 
early and has been the subject of early studies.(23,24) The specific properties of nano-
sized metal particles in catalysis are usually associated with a change in their electronic 
properties relative to the bulk samples. This change is a result of size effects giving rise to 
an increase in the surface energy and a characteristic high surface-to-volume ratio. These 
lead to an enhancement of their catalytic properties (25) as large fractions of the active 
metal atoms are on the surface and thus are accessible to reactant molecules and available 
for catalysis (26). For these reasons, many workers have synthesized platinum 
nanoparticles deposited on inorganic materials as used in heterogeneous catalysis for use 
in various reactions (27-30). These catalysts are typically prepared without capping 
materials by impregnation/ion-exchange methods using various Pt precursors such as 
H2PtCl6 (27), Pt(NH3)4(NO3)2 (28), Pt(AcAc)2 (28), Pt(NH3)4Cl2 (29), Pt(NH3)4(OH)2 (12) 
and Pt(allyl)2 (30) which, give mainly amorphous (no shaped) nanoparticles. 
Generally, the particle sizes and the dispersion states of metal nanoparticles are 
important factors in explaining their catalytic property. A relationship between the size of 
copper nanoparticles and the catalytic activity evaluated by hydration of unsaturated 
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nitriles was reported by Hirai et al. (31). They attributed the increase in the catalytic 
activity to an increase in the surface area of the nanoparticles due to the decrease of the 
particle size. However, the opposite result was also reported (32). An enhancement of 
both the specific activity and the turnover-frequency on the large silver particles in the 
hydrogenation of crotonaldehyde was observed compared with the small silver particles. 
In addition, the selectivity to the unsaturated alcohol is found to increase with increasing 
silver particle size (32). This catalyst gave a higher selectivity to crotyl alcohol (53 %) 
than the ultradispersed small silver particles that produced crotyl alcohol with a 
selectivity of only 28 %. These results indicate that the rate-determining step depends 
critically not on the surface areas and dispersion states but on the silver particle size and 
surface structure. As described by these workers (32), the activity and selectivity of some 
reactions depend on the nature of the surface sites on the nanoparticles. Factors which 
determine the coordination of surface metal atoms depend on size, shape, exposed facets 
and surface roughness (33).  
The dependence of the selectivity and activity on the substrate surface has been well 
known for many years. A variety of different surface reactions have shown a large 
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dependence not only on the surface roughness of the catalyst but also on the crystal 
lattice. This has been shown for single crystal platinum samples under UHV conditions 
by a variety of groups and in several early works for dispersions of colloidal transition 
metals. 
Capping material (e.g. polymer) is added to the suspension in order to prevent 
coagulation and precipitation of the metal nanoparticles. A part of the added polymer 
exhibits a protective function by the adsorption of the polymer onto the metal 
nanoparticles and the other part of the polymer dissolves freely in the suspension of the 
metal nanoparticles. Both the amount of the polymer adsorbed on metal nanoparticles and 
the concentration of free polymer are important for the application of the metal 
nanoparticles. However, there have been no reports on correlation of the catalytic activity 
with either the amount of the polymer adsorbed on metal nanoparticles or the 
concentration of free polymer in catalysts.  
In the present study, truncated octahedral (TO) platinum nanoparticles are 
synthesized using K2PtCl4 solution and polyacrylate as the capping material and 
impregnated on alumina support. The particle size/shape are characterized by 
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transmission electron microscopy (TEM). The catalytic activity is measured by the values 
of the activation energy and the turnover frequency as studied for the heterogeneous 
hydrogenation of propene. Quantities of the polyacrylate on TO platinum deposited on 
alumina are determined by FT-IR and are qualitatively correlated to the catalytic activity 




K2PtCl4 (99.99 %), sodium polyacrylate (average MW 2100), and alumina (neutral, 
surface area 155 m2/g, pore size 5.8 nm) were obtained from Aldrich. All solutions were 
prepared using doubly deionized water. Propene (99.9995 %) and hydrogen (99.995 %) 
were purchased from Matheson and were used without further purification. The purity of 
the propene was checked by mass spectrometry. 
 
2.2. Catalyst Preparation 
The platinum deposited on alumina (Pt/Al2O3) catalyst was prepared as follows. The 
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platinum nanoparticles were synthesized in aqueous solution by using the methods 
reported by Rampino and Nord (23) and Henglein et al. (34). 1 ml of 0.1 M sodium 
polyacrylate as a capping polymer was added to 250 ml containing 8.0 x 10-5 M K2PtCl4 
solution. The initial concentration ratio of K2PtCl4 to polyacrylate was 1:5. The pH of the 
solution was adjusted to 7 with 0.1 M HCl and purged with Ar for 20 min. The platinum 
complexes were reduced by bubbling H2 for 5 min. The solution was left for 12 h in the 
dark. 5 g alumina was added to this solution and impregnated using rotary evaporation at 
room temperature under reduced pressure. Finally, it was dried at 110 C for 12 h. 
 
2.3. TEM and FT-IR measurements 
TEM was used to determine the particle size and shape of the platinum 
nanoparticles supported on alumina. For TEM sample preparation of the Pt/Al2O3 catalyst, 
it was suspended in deionized water by ultrasonification for 1 h after grinding of the 
Pt/Al2O3 and subsequently left for several hours. The suspended sample was deposited on 
a carbon grid and was left to dry slowly at room temperature. TEM images were taken by 
using a JEM 100C operated at an acceleration voltage of 100 kV at a magnification of 
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100,000-190,000 at room temperature. The particle size and shape were determined from 
an enlarged TEM images. 
FT-IR spectra are recorded from pellets of the sample using a Bruker IFS 66/S FT-IR 
spectrometer. Typically, 100 scans were accumulated for each spectrum with a resolution 
of 2 cm-1 using Bruker’s OPUS 2.0 software. FT-IR spectra were recorded in the range of 
2300-1000 cm-1. Static pressure was applied to the powder sample until the pellet made a 
clear disk.  
 
3. Results and discussion 
3.1. TEM images of platinum nanoparticles-deposited on alumina 
In general, structure characterization of real catalysts by electron microscopy is 
complicated by the strong contrast features originating from the support material, by the 
random orientation of metal particles and by superposition of particle images due to the 
nonplanar morphology of the catalyst (35). Where the support is thick, it is not possible 
to see the metal particles at all through the support. It is difficult, therefore, to determine 
clear structural features such as particle size and shape. Figure 6-1 shows TEM pictures 
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of Pt/Al2O3 in which the platinum particles were synthesized with 1:5 concentration ratio 
of K2PtCl4 to polyacrylate followed by impregnating alumina with the platinum solution 
at room temperature under atmospheric pressure. The platinum particles in aqueous 
solution at 60-80 C are observed to aggregate during impregnation. As can be observed in 
the TEM pictures, the platinum particles that are supported on alumina show clear images 
even in the presence of alumina. The nanoparticles are randomly distributed on the 
support and 90% of them are found to have TO shape with a size range of 8-10 nm. This 
result is in good agreement with those obtained in the absence of alumina and reported by 
our group (36). The particle size of the TO platinum is larger than the alumina pore 
aperture (5.8 nm) from which it can be concluded that the nanoparticles are located on the 
external surfaces of the alumina support. 
 
3.2. Catalysis of propene hydrogenation 
To evaluate the catalytic activity of the nanoparticles, the hydrogenation of gaseous 
propene was selected as a test reaction. The propene hydrogenation was carried out in a 
batch reactor. Prior to the reaction, the catalyst was preheated to 210 C for 2 h under an 
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Ar flow and then evacuated under high vacuum at this temperature for 10 min. This 
treatment is carried out in order to remove the capping material, water and volatile 
impurities (37).  
The hydrogenation experiments were typically run in the presence of 0.12 g of TO 
Pt/Al2O3 mixture which is 0.078 % by wt of platinum. Propene (24 torr), and hydrogen 
(165 torr) were then added and the mixture was heated to the specified temperature in the 
30-80 C range. An aliquot of the reaction mixture was taken out at different reaction 
times and were analyzed by mass spectrometry (VG Analytical, 70-SE). The relative 
intensities of propane to propene mass peaks in the hydrogenation reaction were 
calibrated from known standard propene/propane gas mixtures. The relative mass peak 
intensities of propene to propane, observed at each time during the catalyzed reaction, 
were converted to concentration by use of a predetermined calibration curve.   
The kinetic studies were carried out in following manner. First, propane 
concentration vs time is plotted at each temperature studied (Figure 6-2). The reaction 
rates as a function of time are determined from the tangent of the slopes of the plots at 
different reaction times. These rates vs time are then plotted to determine the initial rates 
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for each temperature by extrapolating to zero time (Figure 6-3). The reaction order for 
each of the reactants (the propene and hydrogen) and thus the rate law is obtained from 
the dependence of the initial rates on the concentration of H2 and propene at 40 C. The 
rate constant (k) at different temperatures is then calculated from the initial reaction rate, 
the rate law, the corrected initial H2, and propene concentrations at each temperature. An 
Arrhenius plot is then used to determine the value of the activation energy (Figure 6-4). 
The hydrogenation reaction on platinum catalyst is well studied in terms of specific 
catalytic activity, kinetic reaction law, and activation energy (38, 39). However, effects of 
platinum nanoparticle shape and capping material on the value of the activation energy in 
the propene hydrogenation have not been studied. Under our mild reaction conditions, 
propane is the only reaction product detected by the mass spectrometer. These 
observations are in agreement with the work of Bond et al. (40) who has shown that 
platinum metal is an effective catalyst to selectively convert propene to propane.  
Figure 6-2 shows a plot of propane concentration vs reaction time in the propene 
hydrogenation over TO Pt-deposited on alumina in the temperature range of 30-80 C. The 
propane concentration is found to increase almost linearly with time in the range of 30-50 
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C but in the 60-80 C range, the concentration tends to level off slowly and almost reaches 
constant value within 8 min. The slope (tangent) of these curves at any time gives the 
instantaneous rate of the reaction at this time. In order to determine the initial rate, these 
slopes are plotted as a function of time and extrapolated to zero time at each temperature. 
The results are shown in Figure 6-3 and the calculated initial rates at different 
temperatures are given in Table 6-1. From Figure 6-3 it is obvious that above 50 C , the 
apparent rate of production of propene drops to almost zero in ~8 minutes. The apparent 
constancy of the product could be due to reaching equilibrium in which the rate of the 
dehydrogenation of propane becomes equal to the forward hydrogenation reaction. It 
could also result from poisoning of the catalyst surface. The fact that we did not observe 
any dehydrogenation of propane on this catalyst at these temperatures suggests that the 
surface gets poisoned due to secondary reactions that become fast at temperatures higher 
than 50 C. It is well known that Pt single crystal catalysts involved in hydrogenation 
reactions can build up carbonaceous deposits on the surface leading to 
deactivation(41,42). UHV studies by Somorjai et al have found that these layers build up 
on the surface and can interfere with the hydrogenation of organic molecules(42). 
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Because of the similarities between the hydrogenation of propene and the hydrogenation 
reaction of ethylene, such a process could conceivably occur at the surface of the 
nanoparticles. In the case of small nanoparticles, the highly active nature of the surface 
could make them more susceptible to this type of poisoning. 
The reaction is assumed to follow the reaction rate law: 
Initial Reaction Rate = k [C3H6]α [H2]β
 
Where α and β are the order of the reaction with respect to C3H6 and H2, 
respectively. By determining the initial rates at different reactant concentrations, the 
α and β are found to be 0.13 and 0.58 respectively.  These values are quite similar to 
those reported by Cocco et al. (43) for the catalysis using Pt on SiO2 and TiO2, suggesting 
a similar mechanism. 
The specific rate constant k at different temperatures is calculated from these initial 
reaction rates, the reaction order, and the corrected initial H2 and propene concentrations 
at the different temperatures. This is shown in Table 1. Figure 6-4 gives the Arrhenius 
plot of the natural logarithm of the rate constant vs 1/T for the reaction catalyzed by TO 
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Pt/Al2O3. As shown, normal Arrhenius behavior is observed in the temperature range of 
30-80 C. The activation energy of the reaction is calculated to be 8.4 ± 0.2 kcal/mol from 
the observed slope of the linear part of the Arrhenius plot. The fact that all the points fall 
on the same straight line, even the ones above 50 C, suggest that the initial rates represent 
the hydrogenation reaction. The secondary reactions, leading to surface poisoning, build 
up at slightly longer times than zero time.  
Other groups  (43, 44) have reported the activation energy and reaction orders with 
respect to propene and hydrogen in the propene hydrogenation catalyzed by platinum 
supported on silica and titania. The supported platinum particles have been prepared by 
impregnation/ion-exchange methods by immersing the calcined supports in an aqueous or 
organic solution of platinum precursors such as H2PtCl6 (44) and Pt(allyl)2 (43), without 
the addition of capping material. The platinum catalysts are reduced in flowing of 
hydrogen at about 450 C. These methods typically give amorphous nanoclusters although 
there is no detailed description about the particle shapes. From reviewing the work on the 
propene hydrogenation reported, it is found that the reaction orders for propene and 
hydrogen converge to 0 and 0.5 respectively and the activation energy ranges from 10 to 
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14 kcal/mol (43,44). The activation energies were found to be dependent upon the type of 
support (silica, titania) and the structure (anatase, rutile) due to the different interactions 
between the platinum and the support giving different electronic effects (43, 44). Otero-
Schipper et al. (44) showed that the activity increases as the percentage of platinum 
exposed increases. The fact that the activation energy is independent of the percentage of 
platinum exposed while the overall activities vary suggests an activity compensation in 
which variations in the activity are due to variations in the preexponential factor. Thus 
they correlated the activity measured by the turnover frequency to the fraction of atoms 
on edges and corners of the exposed crystallite. They found that the turnover frequency 
increases linearly as the ratio of edge and corner atoms to total exposed atoms increases. 
It is believed that, in general, the chemical activities of platinum particles with different 
shapes are sensitive not only to the surface facets but also on the atomic structures, such 
as steps, ledges and defects (45). The TO platinum nanoparticles are mainly defined by 
the {100}, {111}, and {110} facets, on which numerous atom-high surface steps, ledges 
and kinks have been observed (45). These atomic-scale fine structures of the surfaces of 
the TO platinum nanoparticles are expected to have lower activation energy than those 
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reported by others.  
The turnover frequency was calculated by determining the moles of surface atoms 
per particle. This was done using the TEM measurements of the particles size and the 
geometric relationship shown by Benfield et al (46) since the particles are of a cubic 
close packed cuboctahedra. The cuboctahedra are made up of complete shells of atoms, 
the number of which can be calculated from known equations (46) and the TEM data. 
Using this geometric relationship, the number of total surface atoms per particle and 
therefore, the moles of surface atom available for reaction, can be calculated. However, it 
was assumed that all of the surface atoms are available for reaction. Similar methodology 
has been followed to correlate the particle size and geometric structure in 
electrocatalysis(47) and organic reactions.(48)  
For quantitative understanding, the catalytic activity in terms of turnover frequency 
(TOF) is calculated and compared to that reported by others. Our catalyst shows TOF of 
0.62 molC3H8/molPt, s at 70 C. Although some workers have published papers about the 
hydrogenation of propene over platinum nanoparticles supported on inorganic materials, 
they did not give the catalytic activities in terms of TOF. Therefore, we compare our TOF 
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to that obtained for similar reaction conditions using the same group metal, palladium. 
Ciebien et al. (49) synthesized palladium nanoclusters within diblock copolymer films 
and applied to the hydrogenation of propene. Maximum TOF of 0.021 molC3H8/molPt, s 
was obtained at 120 C in a concentration ratio of 2:1 hydrogen to propene pressure. Our 
catalyst shows much higher activity. Although the deposited active metals are different, 
the reason might be ascribed to the surface irregularities, steps, ledges, and kinks of the 
TO platinum deposited. Of course, this high catalytic activity of our TO Pt particles is the 
reason for the rapid poisoning of the surface during the reaction. 
Capping materials such as polyacrylate (36, 50) and poly(N-vinyl-2-pyrrolidone) 
(51,52) have been typically used as stabilizers for protecting these nanoparticles against 
aggregation and as a controller of the platinum nanoparticle shapes (TO, cubic, and 
tetrahedral). This is controlled by changing the ratio of the concentration of the capping 
material to that of the platinum precursor. Although the capping material has advantages 
like those described above, it is expected that they have a negative effect due to the 
partial covering of the active sites of the nano-sized metal particles. Nevertheless many 
studies have been carried out on the hydrogenation reaction over nanometal particles 
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capped with polymers (51-53). 
Polyacrylate-capped TO Pt/Al2O3 samples were studied by FT-IR before and after 
thermal treatment at 210 C or 310 C under the flow of argon to investigate the influence 
of the polymer quantity on the catalytic activity of the propene hydrogenation. The results 
are shown in Figure 6-5. Polyacrylate (Figure 6-5a) has strong absorption bands at 1570 
and 1406 cm-1 assigned to the asymmetric and symmetric stretching vibrations of the 
COO- moiety, respectively. The peak at 1456 cm-1 is assigned to the CH3 rocking 
vibration (54). Characteristic bands of alumina (Figure 6-5b) are observed at 1643 and 
1400 cm-1, which are clearly resolved from the polymer bands. As-synthesized TO 
Pt/Al2O3 exhibits physisorbed and chemisorbed bands at 1570 and 1561 cm-1, 
respectively as shown in Figure 6-5c. From this observation, some polymers act as 
stabilizer to protect against aggregation through the chemical attachment of COO- of the 
polyacrylate onto platinum nanoparticle surfaces. The others are physically adsorbed on 
the TO Pt/Al2O3. Figure 6-5d, shows the FT-IR of the sample that was heated at 210 C for 
2 h with flowing of argon gas followed by pumping under vacuum (10-3-10-4 torr) for 10 
min. This shows the chemisorbed polymer bands with reduced intensity when compared 
 141
to those of as-synthesized TO Pt/Al2O3. On the other hand, the physisorbed polymer is 
almost completely eliminated. The polyacrylate used for preparation of TO shaped 
platinum nanoparticles was reported to be removed at 180 C and the particle shape is not 
transformed until 350 C (37). This result is in contrast with that concluded from our FT-
IR. The reason might be that the TEM experiment was detecting the physisorbed polymer 
and could not detect the chemisorbed component. Furthermore, the high vacuum used 
(10-9 – 10-11 torr) might have been effective in removing a large fraction of the polymer. 
Temperature treatment was increased up to 310 C. The polymer is found to remain due to 
the strongly bound chemisorbed polymer. As an alternative method, the sample was 
calcined under air atmosphere at 310 C for 2 h. The polymer bands were completely 
removed as indicated in Figure 6-5f. 
The TO Pt/Al2O3 catalysts were treated under different conditions present different 
TOF (indicated at 30 C) depending on the quantity of the polymer (Figure 6-6) The TOF 
obtained after thermal treatment at 210 C is found to increase by about 80 % as compared 
to that of the as-synthesized catalyst. This is attributed to the complete removal of the 
physisorbed polyacrylate which covered the surface of the active site of platinum 
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nanoparticles. The TO Pt/Al2O3 heated at 310 C shows ~11 % enhancement over that 
heated at 210 C. This is due to an increase in the exposed surface resulting from the 
dissociation of the chemisorbed polymer as suggested by the FT-IR results. The polymer-
removed TO Pt/Al2O3 by air calcination exhibits a 30 % reduction in the catalytic activity 
compared to that treated in argon gas atmosphere. The reason for this could be due to the 




The platinum nanoparticles were synthesized by using K2PtCl4 in the presence of 
polyacrylate as capping material and deposited on nanoporous alumina by impregnation 
at room temperature. TEM images showed that the nanoparticles are mainly TO shape 
with size range of 8-10 nm. These are randomly dispersed on the external surface of 
alumina, since the particle size is larger than the alumina pore aperture (5.8 nm).  
The TO Pt/Al2O3 catalyst was used for the propene hydrogenation to evaluate its 
catalytic activity as measured by the value of its activation energy and TOF. The 
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activation energy is found to be 8.4 ± 0.2 kcal/mol, which is lower than those values 
reported by others on other platinum particles (10-14 kcal/mol). However, for 
experiments above 50 C, the activity of the particles degraded to zero after only a few 
minutes, suggesting a poisoning process on the surface of the particles. Both the lower 
activation energy and the rapid poisoning of the catalyst surface at ≥50 C  suggest that Pt 
atoms on the surface of the TO nanocatalyst are very active (reactive) . They might be 
due to the facets, edges, corner and defects present in the TO nanoparticles.  
Polyacrylate-capped TO Pt/Al2O3 samples, before and after thermal treatment, are 
characterized by FT-IR with and without thermal treatment in order to investigate the 
influence of the polymer quantity on the catalytic activity of the hydrogenation reaction. 
Even under high vacuum at 310 C, the chemisorbed polymer is found to be strongly 
bound to the surface of the particles. The catalytic activity increases as the amount of 
capping polymer is removed. 
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Table 6-1. Initial  rates and rate constants of propene hydrogenation over  
truncated octahedral Pt/Al2O3 thermally pretreated at 210 oC at different 
temperatures. 
Initial rate  [C3H6]Initial [H2]Initial Rate constant  T 
(K) (/10-6 mol L-1 s-1) (/10-3 M) (/10-3 
M) 
(k/10-4) 
    
1.18 1.27  0.44  
1.76 1.23 8.73 0.67 303  
2.58 1.19 8.45 1.0 313 
3.56 1.16 8.19 1.42 323  














Figure 6-1. TEM images of (a) TO Pt/Al2O3, synthesized with a concentration ratio of 1:5 
platinum complex to polyacrylate following impregnation on alumina, (b) 































Figure 6-2. Propane concentration for temperature-dependant propene hydrogenation 
over TO Pt/Al2O3 catalyst as a function of reaction time: (a) at 30 oC, (b) at 40 oC, 




























Figure 6-3. Slope of propane concentration for temperature-dependant propene 
hydrogenation over TO Pt/Al2O3 catalyst as a function of reaction time: (a) at 30 































































Figure 6-5. FT-IR spectra of (a) polyacrylate, (b) alumina, (c) as-synthesized TO Pt/Al2O3, 
(d) heated (c) sample at 210 oC for 2 h under flowing argon and evacuated at same 
temperature for 10 min., (e) thermally treated (c) sample at same conditions as (d) sample 


































Figure 6-6. Effect of catalyst pretreatment on catalytic activity (indicated at 30 oC for 4 
min.) over TO Pt/Al2O3; (a) as-synthesized TO Pt/Al2O3, (b) heated (a) sample at 210 oC 
for 2 h under flowing argon and evacuated at same temperature for 10 min., (c) thermally 
treated (a) sample at same conditions as (b) sample except at 310 oC, (d) thermally 






Chapter  VII 
Characterization of Pt Nanoparticles Encapsulated in Al2O3 
and Their Catalytic Efficiency in Propene Hydrogenation 
 
Abstract 
Pt nanoparticles supported in nanoporous Al2O3 catalyst are prepared by reduction of 
K2PtCl4 solution using H2 in the presence of Al2o3 and poly(acrylic acid) as capping 
material. After thorough washing with water to remove Pt nanoparticles located on the 
external surface of the Al2O3 and drying at 70oC for 12 h, they were used in propene 
hydrogenation to evaluate catalytic activity as measured by the value of the activation 
energy in the temperature range between 30 and 90 oC. The Pt nanoparticles are 
characterized by using transmission electron microscopy (TEM). The particles in 
Pt/Al2O3 are found to be encapsulated and uniformly dispersed inside the Al2O3; 
however, the size and shapes are not clearly seen. After extraction of the Pt nanoparticles 
from the Al2O3 channels by using as ethanol-diluted HF solution, various shapes such as 
truncated octahedral, cubic, tetrahedral, and spherical with a size around 5 nm are 
observed. The encapsulated particles have various but are smaller in size than those 
prepared in K2PtCl4 solution with the polyacrylate in the absence of Al2O3. Using FT-IR 
studies, the capping material initially used in Pt/Al2O3 is not found in the Al2O3 channels. 
This might be due to the fact that the polymer (average MW 2100 ) is too large to be 
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accommodated within the Al2O3 pored. The nanopores of Al2O3 have several roles in the 
synthesis of these nanoparticles. It allows for the uniform dispersion and encapsulation of 
Pt nanoparticles. It controls the Pt sizes with narrow distribution that is determined by the 
pore dimension (5.8 nm). It protects against metal particle aggregation and produces 
various shapes even in the absence of the capping material. Using these Pt nanoparticles, 
the catalysis of the hydrogenation of propene was studied. The initial rates, reaction order, 
rate constants, and activation energy for the hydrogenation are determined by use of mass 
spectrometric techniques. The activation energy is found to be 5.7 kcal/mol, which is 
about one-half that previously reported for catalysis by Pt metal deposited in SiO2 and 




 Metal nanoparticles are of considerable interest because they can exhibit physical 
and chemical properties, due to quantum size effects, that differ from those of bulk metals. 
They possess unique electronic, optical, and catalytic properties that are different from 
bulk macrocrystallites.1-4 These nanoparticles are presently under intensive study for 
applications in optoelectronic devices,5 ultrasensitive chemical biological sensors,6-8 and 
as catalysts in chemical and photochemical reactions.9,10 In particular, they have a 
characteristic high surface-to-volume ratio, and consequently large fractions of the metal 
atoms are on the surface and thus are accessible to reactant molecules and available for 
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catalysis.11 They have been used as catalysts12,13 in hydrogenation, hydroformylation, 
hydration, and various other reactions. 
 Heterogeneous catalysts, in particular, porous materials such as alumina, silica, 
and zeolites, have many advantages as supports because of their high surface areas, 
shape/size selectivity, and easy separation from the reaction mixtures. For these reasons, 
the use of Pt nanoparticles deposited on such porous materials has been increased 
recently.14-17 These catalysts have typically been prepared by impregnation/ion-exchange 
methods by immersing the calcined porous materials in an aqueous solution of various Pt 
precursors such as H2PtCl4, 14 Pt(NH3)4(NO3)2,15  Pt(AcAc)2,15 Pt(NH3)4(OH)2,16 and 
Pt(allyl)2.17 The dried Pt catalysts are calcined in flowing air and reduced in flowing H2 
around 450oC. These methods are very complex, take a long time, and give mainly 
amorphous nanoparticles. These Pt nanoparticles have been used in the catalysis of 
unsaturated hydrocarbon hydrogenation and aromatization to understand the dependence 
of the catalytic propertied on the particle size.18 
 Another method to make metal nanoparticles has used capping materials, 
polyacrylate and poly(N-vinyl-pyrrolidone)(PVP), in the precursor solution.19,20 The 
capping material has roles not only to prevent particle aggregation, but also to control 
shape and size.19 Relatively speaking, the latter method is simple and can obtain good 
shaped particles.  
 The hydrogenation of various hydrocarbon compounds has been employed from 
time to time as a convenient probe reaction for evaluating the catalytic properties of 
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support Pt metals. Platinum is a superior catalyst for a variety of hydrocarbon conversion 
reactions.21 Under suitable conditions (reactant composition, pressure, and reaction 
temperature) platinum is active for hydrogenation. Propene hydrogenation has also been 
used for this purpose.17,22 
 In the present study, Pt nanoparticles deposited in nanoporous Al2O3 are 
synthesized using K2PtCl4 solution and poly(acrylic acid) as the capping material in the 
presence of Al2O3. The particle size/shape and capping material are clearly characterized 
by transmission electron microscopy (TEM) and FT-IR. The catalytic activity, as 
measured by the value of the activation energy, is studied for the heterogeneous 
hydrogenation of propene and compared with literature values of others synthesized by 
different methods and on different support material. The observed difference is discussed. 
 
Experimental section 
Chemicals. K2PtCl4 (99.99%) sodium polyacrylate (average MW 2100) and Al2O3 
(neutral, surface area 155m2/g, pore size 5.8 nm) were obtained from Aldrich. All 
solutions were prepared using doubly deionized water. Propene (99.9995%) and 
hydrogen (99.995%) were purchase from Matheson Company and used without further 
purification. The purity of the propene was checked by mass spectrometry. 
Catalyst Preparation. The preparation method of the Pt/Al2O3 catalyst is similar to that 
used by Rampino and Nord23 and Henglein et al.24 except for the addition of Al2O3. A 5 g 
sample of Al2O3 was added to 250 mL of solution made by adding 1 mL of 0.1 M 
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sodium polyacrylate (capping material) to 249 mL of 8.0 x 10-5 M K2PtCl4. The initial 
concentration ratio of the K2PtCl4 to polyacrylate was 1:5. The pH of the solution was 
then adjusted to 7 with 0.1 M HCl and purged with Ar for 20 min. Pt complexes were 
reduced by bubbling H2 for 5 min. The solution was left for 12 h in the dark. 
Subsequently, it was filtered, washed with 5 L of water, and dried at 70oC for 12 h.  
 For comparison, Pt/Al2O3 catalyst without the addition of the poly(acrylic acid) 
was prepared under the same condition as that used in the presence of the polymer. 
TEM and FT-IR Measurements. TEM was used to determine the particle size/shapes of 
Pt nanoparticles supported in Al2O3. For making a TEM sample of supported Pt on Al2O3 
catalyst dried and washed after separation from the Pt/Al2O3 solution, it was suspended 
on ethanol (99.9 wt%) by ultrasonification for 1 h after grinding the Pt/Al2O3 and 
subsequently left in the Pt/Al2O3 solution for several hours. The suspended sample was 
deposited on a carbon grid by slow evaporation at room temperature. To clearly image 
the particles encapsulated in Al2O3, the particles must be extracted from the Al2O3 
channels. A small amount of Pt/Al2O3 was added to a 20 wt. % HF solution diluted with 
ethanol. The Al2O3 gradually dissolved after stirring this solution. The Pt nanoparticles, 
in 20 wt. % HF solution, were separated and washed with ethanol several times via 
centrifuge. TEM images were taken using a JEM 100C operated at an acceleration 
voltage of 100kV at a magnification of 100K – 190K at room temperature. The particle 
size/shapes were determined from the enlarged TEM images.  
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 FT-IR spectra are recorded on pellets made of the sample with a Bruker IFS 66/S 
FT-IR spectrometer. Typically, 100 scans were accumulated for each spectrum with 2 
cm-1 resolution by OPUS 2.0 software. FT-IR spectra were recorded in the range of 2300 
– 1000 cm-1. Pressure was applied to the powder sample until the pellet made a clear disk. 
Results and Discussion 
A. Particle Characterization. Figure 7-1a shows a TEM image of the Pt/Al2O3 prepared 
from a 1:5 concentration ratio of K2PtCl4 to polyacrylate. In this figure, the Pt 
nanoparticles are shown as small black dots that are homogenously dispersed within the 
Al2O3 support. The Pt nanoparticles appear to be located within the Al2O3 channels 
(Al2O3 pore size is 5.8 nm) since the diameter of the Pt nanoparticles observed is less 
than 5 nm. No Pt particles are observed on the external surfaces. As indirect evidence, the 
diameter of Pt nanoparticles in solution prepared under the same conditions is about 8 
nm,25 which is larger in size than that of the Pt/Al2O3 pore aperture. Actually, the 
Pt/Al2O3 solution in the presence of the polymer as after the H2 reduction for 12 h is 
colorless, which is quite different from those of Pt nanoparticles synthesized in solution 
in the absence of Al2O3 or SiO3, otherwise, under the same synthetic conditions. The 
solution of the particles prepared in solution with no alumina or with silica gives a bright 
golden color; these observations can be explained as follows. Pt salt dissolved in water 
diffuses into the Al2O3 channel and strongly interacts and absorbs on Al2O3 channel 
walls.26 Reduced Pt atoms begin nucleation and growth uniformly within the Al2O3 
channel. In the case of Pt/SiO2, however, though Pt precursor diffuses into the SiO2 
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channels (pore size is 6 nm), there might not be any interaction between the precursor and 
the support and the growth takes place in solution with the polymer capping. Therefore, 
the color of the resultant solution is bright golden, which is the same as the solution of Pt 
nanoparticles with the capped polymer.  
 Encapsulated Pt particles were extracted from Al2O3 channels by dissolving the 
support with an HF solution. Figure 7-1b clearly shows Pt size and shapes, indicating 
various shapes such as truncated octahedral, tetrahedral, cubic, and spherical with a 
considerably narrow distribution of 4-5 nm size. The variety in shapes is quite different 
from that observed for samples prepared in solution with only capping polymer under the 
same conditions. In such a case, more than 90% of truncated octahedral Pt nanoparticles 
were normally observed.25 This difference in particle shape distribution can likely be 
attributed to the influence of the Al2O3 channel used for the growth of Pt particles with 
different shapes. 
 To compare size/shapes of Pt nanoparticles formed by the encapsulation method 
and those prepared in solution, the Pt encapsulated in Al2O3 was impregnated with Pt 
nanoparticle solution which was prepared from a 1:5 concentration ratio of K2PtCl4 to 
polyacrylate. The TEM images of the Pt particles extracted from the sample are shown in 
Figure 7-1c. First of all, a large difference in the size is clearly shown. Larger particles 
formed in the solution are in the range of 8 – 10 nm and are primarily truncated 
octahedral. On the other hand, encapsulated Pt particles show 4 -5 nm in size. This 
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suggests that in the encapsulated method, the particles grom in the pores. This limits their 
growth to be smaller than the pore size ( 5.8 nm). 
 Capping materials such as poly(acrylic acid)19,25 and poly(N-vinyl-2-
pyrrolidone)27,28 have been typically used as stabilizer in making mono- or bimetallic 
nanoparticles for protecting aggregation of the metal itself. Specifically, poly(acrylic 
acid) can be used to control the shapes (tetrahedral, cubic, icosahedral) and sizes of Pt 
nanoparticles by changing the ratio of the concentration of the capping material to that of 
the Pt cations in aqueous solution.19 Though the capping material has advantages such as 
described above, from a viewpoint of its application to catalysis, it is expected not to 
have a positive effect due to it partially covering active sites of the nanosized metal 
particle. Nevertheless many works have done the various hydrogenation reactions over 
nonmetal particles containing polymer. 27-29  
 Our Pt/Al2O3, prepared using poly(acrylic acid) is characterized by FT-IR to 
investigate the influence of the polymer on the catalytic activity (shown in Figure 7-2). 
Poly(acrylic acid) (Figure 7-2a) has strong absorption bands at 1570 and 1406 cm-1 
assigned to the asymmetric and symmetric stretching of the CO2- moiety, respectively , 
and at 1456 cm-1 due to the CH3 rocking.30 Characteristic bands of Al2O3 are observed at 
1643 and 2400 cm-1, which are clearly resolved from the polymer bands. Surprisingly, no 
polymer bands in our as-synthesized Pt/Al2O3 are detected. Since only Al2O3 
characteristic bands are observed in the spectrum shown in Figure 7-2d. This does not 
look like the FT-IR spectrum of a mixture of the polymer and the Al2O3 shown in Figure 
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7-2c. It looks more like that of Pt/Al2O3 prepared in the absence of the polymer (shown 
in Figure 7-2f). It seems that the length of the polymer (average MW 2100) is too long to 
be accommodated into the Al2O3 channel. From the above results, it can be concluded 
that the nanoporous Al2O3 support fulfills four roles; (1) it gives uniform dispersion and 
encapsulation of Pt nanoparticles through strong interaction with the Pt salt, (2) it 
controls the Pt particles size and gives it narrow distribution as determined by the Al2O3 
channel dimensions, (3) it prevents particle aggregation and allows the formation of 
various shapes such as truncated octahedral, tetrahedral, cubic, and spherical with a 
narrow distribution even in the absence of the capping material, (4) it provides a larger 
surface area for the deposition.  
B. Catalytic Hydrogenation of Propene. To evaluate the catalytic activity, 
hydrogrnation of gaseous propene is selected as a test reaction. The propene 
hydrogenation was carried out in a batch reactor. Prior to the reaction, the catalyst was 
first preheated at 155oC for 2 h under flowing Ar and then the reactor was evacuated and 
held at low pressure (and at the same temperature) for 10 minutes. This treatment was 
carried out in order to remove water and volatile impurities. 
 The hydrogenation experiments were typically run in the presence of 0.5 g of 
Pt/Al2O3, propene (24 torr), and hydrogen (165 torr) at 30 – 90 oC. The gaseous reaction 
mixtures were analyzed my mass spectrometry ( VG Analytical, 70-SE). The mass 
spectrum is shown in Figure 7-3a. The peak at mass number  44.1 is assigned to propane, 
while the peak at 42.1 is assigned to propene with a small contribution of propane using a 
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known propane/propene gas mixture as a standard. The relative mass peak intensities of 
propene to propane, observed at any time during the catalyzed reaction, were converted 
to concentration ratios by using a calibration curve (shown in Figure 7-3b). 
 The kinetic studies were carried out in the following manner. First, a plot of 
propane concentration vs. time is constructed at each temperature studied. The reaction 
rates as a function of time are determined from the tangent of this plot at different times. 
These rates v time are then plotted to determine the initial rates at different temperatures 
by extrapolating these lines to zero time. The reaction orders for the propene and 
hydrogen reaction are obtained from the dependence of the initial rates on the 
concentration of H2 and propene at 40oC. The rate constant (k) at different temperatures 
is then calculated from the initial reaction rate, the rate equation, the corrected initial H2, 
and propene concentrations at each temperature. An Arrhenius plot is then used to 
determine the value of the activation energy. 
 The hydrogenation reaction on Pt is quite well studied in terms of specific 
catalytic activity, kinetic law, and activation energy.31,32 Under our mild conditions, 
propane is the only reaction product detected and no deactivation processes are observed 
during the reaction. These observations are in agreement with the work of Bond et al.33 
who has shown that Pt metal is an effective catalyst to convert propene to propane 
selectively. The C-C bond cracking/recombination of propene and propane over 
Pt/Al2O3 catalyst under out reaction conditions does not occur. Less than 1% of propane 
is found to dehydrogenate to produce propene at high temperatures in our reaction. The 
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Pt/Al2O3 catalyst gives the propene conversion of 16 – 39 % with 100% selectivity of 
propane in the reaction times of 9 min at 30 – 90 oC. 
 Figure 7-4 shows a plot of propane concentration vs reaction time in the propene 
hydrogenation over Pt encapsulation in Al2O3 in the temperature range of 30 – 90 oC. The 
propane concentration is found increase almost linearly with time in the range of 30 – 60 
oC but in the 70 – 90 oC range, the concentration tends to level off slowly and almost 
reaches steady-state within 9 minutes. The slope (tangent) of these curves at any time 
gives the instantaneous rate of the reaction at this time. To determine the initial rate, these 
tangents (slopes) are plotted as a function of time and extrapolated to zero at different 
times to give the initial rates. The results are shown in Figure 7-5 and the calculated rates 
at different temperatures are given in Table 1. 
 The reaction is assumed to follow the reaction rate law: 
Initial reaction rate = k[C3H6]α[H2]β 
where α and β are the order of the reaction with respect to C3H6 and H2 respectively. By 
determining the initial rates at different reactant concentrations, the α and β are found to 
be 0.03 and 0.75, respectively. These values are found to be quite similar to those 
reported by Otero-Schipper et al.22 for the catalysis over Pd on SiO2 and TiO2, suggesting 
a similar mechanism. The specific rate constant k at different temperatures is calculated 
from these initial reaction rates, the reaction order, and the corrected initial H2 and 
propene concentrations at the different temperatures shown in Table 7-1. Figure 7-6 gives 
the Arrhenius plots of the natural logarithm of the rate constant vs 1/T for the reaction 
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observed in the temperature range 30 – 90 oC. The activation energy of the reaction is 
calculated to be 5.7 kcal/mol from the observed slope of the linear part of the Arrhenius 
plot. The reaction was repeated twice, and the reproducibility is found to be satisfactory. 
The variance in the value of the activation energy is found to be less than 5%. 
 Until now, systematic studies to clarify the understanding of the effects of Pt 
nanoparticle size, shape and capping material (which is usually used in the preparation of 
shaped particles and to prevent aggregation) on the activation energy of propene 
hydrogenation have not been done. Several studies17,22,34 have simply reported the 
activation energy for propene hydrogenation catalyzed by Pt on SiO2 and TiO2. Cocco et 
al.17 prepared Pt particles supported on SiO2 and on different TiO2 structures, such as 
anatase and rutile, using Pt(allyl)2 precursors reduced be H2 in organic solution. The 
activation energies reported for this reaction are in the range of 12.2 – 14.9 kcal/mol. 
TiO2 support shows a lower activation energy than those of SiO2 and rutile TiO2 indicates 
a lower value of 2.3 kcal/mol compared to that for anatase TiO2 while the reaction orders 
for hydrogen and propene are almost the same. From the reported results, the activation 
energy appears to be dependent upon the support type and structure. Otero-Schipper et 
al.22 reported 10.4 kcal/mol for the activation energy over Pt particles deposited on SiO2 
prepared using H2PtCl4 by impregnation. They suggested that the values of the activation 
energy and turnover number are proportional to the fraction of the metal exposed to 
reactants for similar hydrocarbon hydrogenation. The lowest value for the activation 
energy is 7.4 kcal/mol and was obtained by using 1 wt% Pt nanoparticles deposited on 
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external surfaces of SiO2 with an average particle diameter of 6.5 nm.34 The reaction 
orders for the hydrogen and propene were 0.5 and 0, respectively. These activation 
energies, except 7.4 kcal/mol, are about twice as large as our value.  
 There are three possible reasons for the lower activation energy observed in our 
system. The effect of support on the activation energy could be one. Another reason is the 
fact that we are using a batch reactor at a relatively high pressure. Mass transport effects 
could lead to lower activation energy. However, in the reaction of butane hydrogenation 
using Pt single crystals, it was found that the activation energy is ~10kcal/mol when 
using up to 500 Torr pressure.35 The third reason for the lower activation energy in our 
Pt/Al2O3 studies could be the higher uniform dispersion of small, shaped, particles (less 
than 5 nm) in the Al2O3 channels due to strong interaction between the Pt precursor and 
the Al2O3 support. Small particles with specific shapes have edges, corners, epices, and 
their surfaces are expected to have many defects. Atoms places at the corners, edges, or at 
defect sites are expected to be highly catalytically active. In addition, having these 
particles in close contact with the Al2O3 support could add greatly to their catalytic 
activity. 
Conclusions 
 Pt nanoparticles were encapsulated in an AL2O3 channel by reducing its (PtCl4)-2 
with H2 in the presence of poly(acrylic acid). TEM images showed that the nanoparticles 
are mainly located inside the Al2O3 channel and are highly dispersed. After extraction of 
the Pt particles from the Al2O3 channel to observe clear images of the sizes and shapes, 
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various shapes such as truncated octahedral, cubic, tetrahedral, and spherical with narrow 
size distribution of around 5 nm are observed. Comparing to size/shapes of the Pt 
nanoparticles prepared in K2PtCl4 solution with polyacrylate (without Al2O3), the 
particles formed are found to have doubled in size with most truncated octahedral in 
shape. FT-IR results show that the capping material is not present upon the formation of 
Pt nanoparticles in the Al2O3 channel. It seems that the polymer length is too long to be 
accommodated by the Al2O3 channel. The nanoporous Al2O3 has four important roles in 
the synthesis of Pt nanoparticles; (1) it gives uniform dispersion and encapsulates them 
inside the channel due to the strong interaction with the Pt precursor, (2) it controls the Pt 
size distribution as the growth is limited by the narrow Al2O3 channels, (3) it protects the 
particles against aggregation and allows for the formation of various shapes such as 
truncated octahedral, tetrahedral, cubic, and spherical even in the absence of capping 
material, (4) it provides larger surface for deposition.  
 The Pt/Al2O3 catalyst was used for the propene hydrogenation to evaluate its 
catalytic activity as measured by the value of its activation energy and compare it with 
other studies that used different supports. The activation energy is found to be 5.7 
kcal/mol. This is about one-half the value of the activation energy reported by others. 
This may be attributed to the fact the particles are small and have shapes. Small 
nanoparticles with shapes have many active atoms present on edges, corners, and 
defective sites. This gives them highly catalytic properties. The use of Al2O3 support in 
close interaction with these particles could also account for the observed activity.  
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Figure 7-1. TEM images of (a) Pt nanoparticles synthesized in the presence of Al2O3 and 
polyacrylate with a concentration ratio of 1:% Pt to polyacrylate. (b) Pt nanoparticles 
extracted from (a) using 20 wt % HF solution, and (c) Pt particles extracted from sample, 
prepared by impregnation of (a) with Pt Particle solution synthesized with 1:5 














Figure 7-2. FT-IR spectra of (a) polyacrylate, (b) alumina, (c) mixture of polyacrylate and 
alumina, (d) as-synthesized Pt/Al2O3 with polyacrylate, (e) thermal treated (d) at 155oC, 











Figure 7-3. Mass spectrum of propene hydrogenation over Pt/Al2O3 catalyst (a) and 









Figure 7-4. Propane concentration for temperature-dependent propene hydrogenation 
over Pt/Al2O3 catalyst as a function of reaction over time: (a) at 30 oC, (b) at 40 oC, (c) at 












Figure 7-5. Slope, of propane concentration for temperature-dependent propene 
hydrogenation over Pt/Al2O3 catalyst as a function of reaction time: (a) at 30 oC, (b) at 






Figure 7-6. Arrhenius plots of the natural logarithm of rate constant vs 1/T for propene 


















initial rate (/10-7 mol L-
1 s-1) 
[C3H6] initial (/10-3 
M) 




303  4.3  1.27  8.73  1.8  
313  5.6  1.23  8.45  2.4  
323  7.8  1.19  8.19  3.4  
333  9.7  1.16  7.95  4.4  
343  12.0  1.12  7.71  5.5  
353  13.6  1.09  7.50  6.4  
363  19.2  1.06  7.29  9.2 
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